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(57) Abstract 

This invention is a medical ventilator (20), and an open or closed loop method of its operation for providing a gas to a patient such 
that the patient exerts a desired work of breathing during pressure support ventilation, which is monitored, and wherein the pressure and 
flow of gas is controlled during inspiration to provide a pressure support ventilation level which meets the desired work of breathing level. 
The ventilator (20) includes pressure (90), and flow (92) sensors in a conduit (54) of the ventilator; which are electrically coupled to a 
microprocessor (60) which monitors average respiratory muscle pressure, and predicts the patient's work of breathing as a function of the 
average respiratory muscle pressure, detects when the patient's work of breathing is not within a predetermined range, and generates a 
signal indicative thereof. The ventilator has a driver circuit (62) electrically coupled to the microprocessor (60), an actuator (26) of the 
pneumatic circuit which is responsive to the generated signal, and adjusts the pressure level of the breathing gas until it falls within the 
predetermined work of breathing range. 
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WO 00/45880 PCTAJS00/02669 

METHOD AND APPARATUS FOR CONTROLLING 
A MEDICAL VENTDLATOR 



5 . Background of the; Invention 

Field of the Invention: 

The present invention relates to the respiratory care of a patient and, more 
10 particularly, to a ventilator that monitors the pressure and flow rate of the breathing gas 
supplied to and exhaled from the patient, advises the operating clinician regarding the 
appropriate quality and quantity of ventilation support corresponding to the patient' s needs, 
and, alternatively, controls the pressure and/or flow rate of the breathing gas supplied by 
the ventilator to provide the appropriate quality and quantity of ventilation support to the 
15 patient to maintain a desired work of breathing level in the patient. 

Prior Art: 

Mechanical ventilatory support is widely accepted as an effective form of therapy 
and means for treating patients with respiratory failure. Ventilation is the process of 

20 delivering oxygen to and washing carbon dioxide from the alveoli in the lungs. When 
receiving ventilatory support, the patient becomes part of a complex interactive system 
which is expected to provide adequate ventilation and promote gas exchange to aid in the 
stabilization and recovery of the patient. Clinical treatment of a ventilated patient often 
calls for monitoring a patient's breathing to detect an interruption or an irregularity in the 

25 breathing pattern, for triggering a ventilator to initiate assisted breathing, and for 
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interrupting the assisted breathing periodically to wean the patient off of the assisted 
* * breathing regime, thereby rekbrihg the patient's ability to b 

In those instances where a patient requires mechanical ventilation due to respiratory 
5 failure, a wide variety of mechanical ventilators are available. Most modern ventilators 
allow the clinician to select and use several modes of inhalation either individually or in 
combination. These modes can be defined in three broad categories: spontaneous, assisted 
or controlled. During spontaneous ventilation without other modes of ventilation, the 
patient breathes at his own pace, but other interventions may affect other parameters of 
10 ventilation including the tidal volume and the baseline pressure, above ambient, within the 
system. In assisted ventilation, the patient initiates the inhalation by lowering the baseline 
pressure by varying degrees, and then the ventilator "assists" the patient by completing the 
breath by the application of positive pressure. During controlled ventilation, the patient 
is unable to breathe spontaneously or initiate a breath, and is therefore dependent on the 
15 ventilator for every breath. During spontaneous or assisted ventilation, the patient is 
required to "work" (to varying degrees) by using the respiratory muscles in order to breath. 

The work of breathing ( the work to initiate and sustain a breath) performed by a 
patient to inhale while intubated and attached to the ventilator may be divided into two 
20 major components: physiologic work of breathing (the work of breathing of the patient) 
and breathing apparatus imposed resistive work of breathing. The work of breathing can 
be measured and quantified in Joules/L of ventilation. In the past, techniques have been 
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devised to supply ventilatory therapy to patients for the purpose of improving patient 



efforts to bfeath by decreasing the work of breathing to sustain the breath. Still other 
techniques have been developed that aid in the reduction of the patient's inspiratory work 
required to trigger a ventilator system "ON*' to assist the patient's breathing. It is desirable 
5 to reduce the effort expended by the patient in each of these phases,. since a high work of 
breathing load can cause further damage to a weakened patient or be beyond the capacity 
or capability of small or disabled patients. 



10 designed to support alveolar ventilation and to provide supplemental oxygen for those 
patients who were unable to breathe due to neuromuscular impairment. Since that time, 
mechanical ventilators have become more sophisticated and complicated in response to 
increasing understanding of lung pathophysiology. Larger tidal volumes, an occasional 
"sigh breath," and a low level of positive end-expiratory pressure (PEEP) were introduced 

15 to overcome the gradual decrease in functional residual capacity (FRC) that occurs duri ng 



positive-pressure ventilation (PPV) with lower tidal volumes and no PEEP. Because a 
decreased functional residual capacity is the primary pulmonary defect during acute lung 
injury, continuous positive pressure (CPAP) and PEEP became the primary modes of 
ventilatory support during acute lung injury. 



In an effort to improve a patient's tolerance of mechanical ventilation, assisted or 
patient-triggered ventilation modes were developed. Partial PPV support, where 



The early generation of mechanical ventilators, prior to the mid-1960s, were 



20 
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mechanical support supplements spontaneous ventilation, became possible for adults 
* Outside the operating tobfri when mtermitterit mandatory Verttilation QMV) became* 
available in the 1970s. Varieties of "alternative" ventilation modes addressing the needs 
of severely impaired patients continue to be developed. 

5 

The second generation of ventilators was characterized by better electronics but, 
unfortunately, due to attempts to replace the continuous high gas flow IMV system with 
imperfect demand flow valves, failed to deliver high flow rates of gas in response to the 
patient's inspiratory effort. This apparent advance forced patient's to perform excessive 

10 imposed work and thus, total work in order to overcome ventilator, circuit, and demand 
flow valve resistance and inertia. In recent years, microprocessors have been introduced 
into modern ventilators. Microprocessor ventilators are typically equipped with sensors 
that monitor breath-by-breath flow, pressure, volume, and derive mechanical respiratory 
parameters. Their ability to sense and transduce "accurately," combined with computer 

15 technology, makes the interaction between clinician, patient, and ventilator more 
sophisticated than ever. The prior art microprocessor controlled ventilators suffered from 
compromised accuracy due to the placement of the sensors required to transduce the data 
signals. Consequently, complicated algorithms were developed so that the ventilators 
could "approximate" what was actually occurring within the patient's lungs on a breath by 

20 breath basis. 
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Unfortunately, as ventilators become more complicated and offer more options, so 
v * " the number of potentially ^gert)iisx;linical decisions increases. The physicians, nurses,-* 
and respiratory therapists that care for the critically ill are faced with expensive, 
complicated machines with few clear guidelines for their effective use. The setting, 
5 monitoring, and interpretation of some ventilatory parameters have become more 
speculative and empirical, leading to potentially hazardous misuse of these new ventilator 
modalities. For example, the physician taking care of the patient may decide to increase 
the positive pressure level based on the ventilator displayed high spontaneous breathing 
frequency and low exhaled tidal volume. This approach, unfortunately, threatens the 
10 patient with the provision of inappropriate levels of pressure support. 

Ideally, ventilatory support should be tailored to each patient's existing 
pathophysiology rather than employing a single technique for all patients with ventilatory 
failure. Thus, current ventilatory support ranges from controlled mechanical ventilation 

15 to total spontaneous ventilation with CP AP for support of oxygenation and the elastic work 
of breathing and restoration of lung volume. Partial ventilation support bridges the gap for 
patients who are able to provide some ventilation effort but who cannot entirely support 
their own alveolar ventilation. The decision-making process regarding the quality and 
quantity of ventilatory support is further complicated by the increasing knowledge of the 

20 effect of mechanical ventilation on other organ systems. 
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The overall performance of the assisted ventilatory system is determined by both 
• * " phy&idlogicai and mechanical factors. The physiological detenninants; which include the 
nature of the pulmonary disease, the ventilatory efforts of the patient, and many other 
anatomical and physiological variables, changes with time and are difficult to diagnois. 
5 Moreover, the physician historically had relatively little control over these determinants. 
Mechanical input to the system, on the other hand, is to a large extent controlled and can 
be reasonably well characterized by examining the parameters of ventilator flow volume 
and/or pressure. Optimal ventilatory assistance requires both appropriately minimizing 
physiologic workloads to a tolerable level and decreasing imposed resistive workloads to 
10 zero. Doing both should insure that the patient is neither overstressed nor oversupported. 
Insufficient ventilatory support places unnecessary demands upon the patient's already 
compromised respiratory system, thereby inducing or increasing respiratory muscle fatigue. 
Excessive ventilatory support places the patient at risk for pulmonary-barotrauma, 
respiratory muscle deconditioning, and other complications of mechanical ventilation. 

15 

Unfortunately, none of the techniques devised to supply ventilatory support for the 
purpose of improving patient efforts to breath, by automatically decreasing imposed work 
of breathing to zero and appropriately decreasing physiologic work once a ventilator 
system has been triggered by a patient's inspiratory effort, provides the clinician with 
20 advice in the increasingly complicated decision-making process regarding the quality and 
quantity of ventilatory support. As noted above, it is desirable to reduce the effort 
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expended by the patient to avoid unnecessary medical complications of the required 
'respiratory support. '* % * , • ' . 

From the above, it is clear that it would be desirable to have a medical ventilator 
5 that reduces the patient's work of breathing toward an optimum level by alerting the 
clinician of the ventilator's failure to supply the appropriate quality and quantity of 
ventilatorx* support and by providing advise to the clinician regarding the appropriate 
quality and quantity of ventilatory support that is tailored to the patient's pathophysiology. 
Further, it would be desirable to have such a ventilator that, in addition to alerting and 
10 advising the clinician, also automatically changes the quality and quantity of ventilatory 
support that is required to support a patient's current pathophysiology. Such a ventilatory 
system is unavailable in current systems. 



15 Summary of The Invention 

An excessively high expenditure of energy (work of breathing) by the patient, early 
in the inspiratory phase of ventilation, can be detrimental to the patient. Patients may 
fatigue under these workloads, leading to further respiratory distress and/or failure. The 
20 required energy expenditure can also create difficulties in weaning the patient from the 
ventilator, leading to patients who become ventilator dependent. Thus, reducing the energy 
expenditure to an appropriate level while breathing spontaneously on a mechanical 
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ventilator is advantageous for the patient Pressure support ventilation is a commonly used 
* mode of ventilatory support employed to decrease a patient* s work of Breathing or effort 

to inhale to appropriate levels. The principle object of the present invention is to provide 

an open-loop method and corresponding apparatus for determining and advising the 
5 operating clinician of the pressure support level of ventilation support provided to the 

patient that will maintain the patient work of breathing within a desired work of breathing 

range selected by the operating clinician. 

A further object of the present invention is to provide a closed-loop method and 
10 corresponding apparatus for continually and automatically adjusting the selected pressure 
support level of ventilation support provided to the patient to maintain the patient work of 
breathing within the selected predetermined work of breathing range for any selected 
period of time. 

15 Conventional approaches of applying pressure support ventilation are based on 

either: a) assessing a patient's breathing pattern, or b) directly measuring the work of 
breathing of the patient. If the breathing pattern is inappropriate (Le„ the breathing rate is 
too fast), then the work of breathing is too high or too low and the pressure support 
ventilation level should be adjusted until the breathing pattern or work of breathing is are 

20 physiologically appropriate. However, it has been determined that the assessment of the 
breathing pattern is an inaccurate assessment of the work of breathing of the patient. 
Additionally, the direct measurement of the work of breathing of the patient may be 
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difficult and requires special and expensive equipment not available to most physicians. 
* "Therefore, ft is desirable to Have an accurate Ynetos for d^ 

of the patient for the application of pressure support ventilation. 

5 Another objective of the present invention results from the discovery that there is 

a strong correlation between the average respiratory muscle pressure of a patient and the 
patient work of breathing. Therefore, a further objective of the invention is to provide a 
simple and easy method and apparatus for controlling a medical ventilator based upon 
readily measured exhalation gas parameters and the readily determined average respiratory 

10 muscle pressure of the patient. 

It is yet another objective of the invention to provide a method and apparatus for 
accurately predicting the patient work of breathing based upon maximizing the correlation 
between the readily determined average respiratory muscle pressure of the patient and the 
15 work of breathing of the patient. 

It is another objective of the invention to provide a method and apparatus for 
nullifying the work of breathing imposed by breathing apparatus by continually modulating 
the pressure and/or flow rate of the breathing gas supplied by the ventilator to maintain the 
20 pressure of the breathing gas near the distal end of a breathing attachment, such as an 
endotracheal tube, at a constant, predetermined, baseline pressure throughout an inhalation 
effort of the patient. 
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The present invention is directed to an open- or closed-loop method and 
* corresponding apparatus for providing breathing gas to a patient such tfiat the patient exerts 
a desired work of breathing during pressure support ventilation, and such that the work of 
breathing of the patient is monitored and the pressure and/or flow rate of the breathing gas 
5 provided to the patient is controlled throughout the inspiratory phase to provide a pressure 
support ventilation level that provides the desired work of breathing in the patient. 

Briefly, the present invention is directed to a medical ventilator for supplying a 
breathing gas for use in a medical procedure, such as pressure support ventilation, at a 

10 selected pressure support ventilation level. The breathing gas being received into the 
medical ventilator is from a gas source of one or more breathing gases and the gas exiting 
the ventilator is in flow communication with a functionally open ventilator conduit. The 
ventilator conduit has a patient breathing attachment, such as an endotracheal tube, in fluid 
communication with the lungs of the patient. A pressure sensor is disposed in the 

15 ventilator conduit that senses the pressure of the breathing gas within the ventilator conduit 
and a flow rate sensor is disposed in the ventilator conduit to detect the flow rate of the 
breathing gas within the ventilator conduit. A monitoring means, such as a 
microprocessor, is connected to the pressure sensor and to the flow rate sensor to monitor 
the patient work of breathing, to detect when the patient work of breathing is not within 

20 a predetermined work of breathing range, and to generate a response signal thereof. The 
ventilator apparatus further has an alarm means responsive to the response signal to 
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generate an alarm suitable for alerting an operator that the patient work of breathing is not 



The gas delivery means regulates the pressure and/or flow rate of the breathing gas to 
supply the breathing gas to the patient at the selected pressure support ventilation level. 
Further, the medical ventilator has a regulating means operatively coupled to the gas 
delivery means and the monitoring means for pressure and/or flow rate controlling the 
10 breathing gas supplied to the patient so that the breathing gas may be delivered to the 
patient at a selected pressure support ventilation level. The gas delivery means comprises 
a pneumatic system, having at least one actuator, responsive to the monitoring means via 
the regulating means, for controlling the pressure and/or the flow rate of the breathing gas 
so that the selected pressure support ventilation level is provided to the patient. The 



15 regulating means, responsive to the response signal from the monitoring means that 
indicates that the monitored work of breathing of the patient is not within the desired work 
of breathing range, may adjust the selected pressure support ventilation level of the 
breathing gas provided to the patient by the ventilator until a pressure support ventilation 
level is reached such that the patient work of breathing is within the predetermined work 

20 of breathing range. 



wi\hin the' predetermined work of breathing Wnge. • 



The medical ventilator also has a gas delivery means that is in fluid/flow 



5 communication with the gas source for receiving the breathing gas from the gas source. 
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To advise the clinician of the medical parameters being monitored or determined, 
* the' medical* ventil&dr may 'also have a' signal output means; such as a* monitor/ for 
displaying electronic output signals for concurrent review by a clinician. The electronic 
output signals may include at least one or more of: the stored signals, the predetermined 
5 work of breathing range, the determined work of breathing of the patient, the average 
respiratory muscle pressure of the patient, the selected pressure support level of the 
ventilator, and the target pressure support ventilation level. The display of the target 
pressure support level of the ventilator advises the clinician operating the medical 
ventilator with the ventilator pressure support level that will provide breathing support to 
10 the patient during pressure support ventilation that will maintain the patient's work of 
breathing within the desired work of breathing range (i.e., the target pressure support 
ventilation level). 

Moreover, the present invention relates to a method of providing, for any selected 
1 5 period of time, pressure support ventilation to a patient supplied with a breathing gas from 
a medical ventilator, the gas being pressure and/or flow rate controlled by the ventilator, 
comprising the steps of delivering the breathing gas from the ventilator to the patient via 
a ventilator conduit at a selectable pressure support ventilation level; sensing the pressure 
of the breathing gas within the ventilator conduit; measuring the flow rate of the breathing 
20 gas within the ventilator conduit; monitoring the work of breathing of the patient from the 
sensed pressure and measured flow rate of the breathing gas; and alarming the operating 
clinician when it is determined that the patient work of breathing is not within the 
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predetermined work of breathing range. The method of the present invention may also 
• * comprisethe steps'of controlling the pr essufe'support level of the breathing gas When it is • 
determined that the patient work of breathing is not within the predetermined work of 
breathing range and displaying the selected pressure support ventilation level to the 
5 clinician operator when the patient work of breathing is within the desired work of 
breathing. 

The above and other objects and advantages of the present invention will become 
more readily apparent when reference is made to the following description taken in 
10 conjunction with the accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

15 Fig. 1 is a block diagram of the medical ventilator according to the present 

invention. 

Fig. 2 is a block diagram of the medical ventilator according to the first 
embodiment of the present invention. 

20 

Fig. 3 is a flow chart illustrating a general sequence of steps for carrying out the 
open-loop operation of the first embodiment of the present invention. 
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Fig. 4 is a flow chart illustrating a preferred sequence of steps for carrying out the 
* opeivloop operation of the first embodiment of the present invention. * r • ' 

Fig. 5 is a flow chart illustrating a general sequence of steps for carrying out the 
5 closed-loop operation of the first embodiment of the present invention. 

Fig. 6 is a flow chart illustrating a preferred sequence of steps for carrying out the 
closed-loop operation of the first embodiment of the present invention. 

10 Fig. 7 is a flow chart illustrating the preferred sequence for carrying out the 

determination of the average respiratory muscle pressure and the work of breathing of the 
patient. 

Fig. 8 A-C are graphical diagrams that illustrate the pressure of the gas at the 
15 airway opening (Pao) versus time; the flow rate of the gas (V) versus time; and the tidal 
volume of the gas (V T ) versus time during an end inspiratory pause determination of the 
compliance and resistance of the respiratory system. 

Fig. 9 is a work of breathing - average respiratory muscle pressure curve illustrating 
20 the correlation between the work of breathing of the patient and the average respiratory 
muscle pressure of the patient (averaged over a serial five breaths of the patient). 
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Fig. 10 is a block diagram of the medical ventilator according to the second 
• " embodiment of thfe present in ventfoft showing the prtssurt senior ne» the distal end of the' 
endotracheal tube. 

5 Fig. 1 1 is a flow chart illustrating a general sequence of steps for carrying out the 

tracheal pressure ventilator control embodiment of the present invention. 

Fig. 1 2 is a flow chart illustrating a preferred sequence of steps for carrying out the 
tracheal pressure ventilator control embodiment of the present invention as executed by 
10 a programmable microprocessor. 



DETAILED DESCRIPTION OF THE INVENTION 

15 The present invention is more particularly described in the following examples that 

are intended as illustrative only since numerous modifications and variations therein will 
be apparent to those skilled in the art. As used in the specification and in the claims, "a" 
can mean one or more, depending on the context in which it is used. 

20 Pressure Support Ventilation Control 
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The first embodiment of the present invention is directed to a method and apparatus 
* for providing open- dr clbsed^oop pressure support ventilation frbrft a Ventilator *2<D,* 
having a selectable pressure support ventilation level, to a patient 10, wherein the work of 
breathing of the patientlO is monitored and the operating clinician is informed when the 
5 work of breathing of the patient 1 0 is not within a predetermined work of breathing range. 
The method and apparatus further provides a means to determine, and advise the operating 
clinician of, the pressure support ventilation level of pressure support ventilation necessary 
to maintain the work of breathing of the patient 10 within the predetermined work of 
breathing range to optimize the ventilation support provided to the patient 10. Still further, 

10 the closed-loop method and apparatus also provides a means of automatically, continually, 
and proportionally adjusting the pressure support ventilation level of the ventilator 20 to 
provide the necessary ventilator support to maintain the work of breathing of the patient 
10 within the predetermined work of breathing range. It is advantageous to advise of 
(open-loop) and/or set (closed-loop) the pressure support ventilation level necessary to 

15 support the physiologic needs of the patient 10 because different levels of pressure support 
ventilation may be required whenever the patient's breathing patterns change. 

As used herein, "a predetermined work of breathing range" is one that has been 
preset by the operating clinician. The level of pressure support ventilation may be set to 
20 partially or totally unload the respiratory muscles of the patient 10. During partial 
unloading, a level of pressure support ventilation is applied to decrease the patient's work 
of breathing to a tolerable predetermined work of breathing range. Preferably, the level of 
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pressure support ventilation supplied to the patient 10 is increased until the work of 

• ' " brtathihg performed by the patient lOdecreases! The predetermined work of breathitig 
range is typically not altered unless the operating clinician determines that the work of 
breathing range present will not provide the patient 10 with adequate ventilator support. 

5 If it is desired that the ventilation support provided by the ventilator 20 totally unloads and 
thus rests the respiratory muscles of the patient 10 (total respiratory muscle pressure being 
synonymous with a work of breathing of approximately zero), the desirable predetermined 
work of breathing range is typically between approximately 0.0 - 0.005 Joule/L. Such total 
respiratory muscle unloading may be appropriate to rest fatigued muscles such as in 

10 patient's with chronic respiratory failure. If it is desired that the ventilation support 
provided by the ventilator 20 partially unloads the respiratory muscles so that the workload 
imposed upon the patient 10 is tolerable and nonfatiguing, the desirable predetermined 
work of breathing range is typically the normal range for work of breathing, i.e M 
approximately 0.3 to 0.65 Joules/L. Under this condition, the workload of breathing is 

15 shared between the ventilator 20 and the respiratory muscles of the patient 10 because, 
during inhalation with pressure support ventilation, positive pressure actively assists in 
inflating the lungs 14 of the patient 10, thereby providing a portion of the work of 
breathing and relieving/unloading the respiratory muscles of the increased workload. As 
a result, as one skilled in the art will appreciate, the force and duration of muscle 

20 contraction and the work of breathing are reduced. As one skilled in the art will 
appreciate, any desired work of breathing range may be selected between the extremes of 
total unloading of the respiratory muscles (work of breathing approximately 0.0 Joule/L) 
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and complete loading of the respiratory muscles whereby the ventilator 20 is providing no 
ventilator support (for example, a work of breathing of approximately 3!0 Joule/L) to act 
at the predetermined work of breathing range. 

5 A "patient breathing attachment" may be any gas delivery device, such as a mask 

[not shown] or a tube 54, that either superimposes over or enters a body cavity 12 or space 
that delivers the pressure and/or flow rate controlled breathing gas 32 at a selected pressure 
support ventilation level into the lungs 14 of the patient 10. For the pressure support 
ventilation used in the present invention it is preferable that an endotracheal tube 54 be 

10 used as the patient breathing attachment 50. The endotracheal tube 54 has a proximal end 
58 and an opposed distal end 56. The endotracheal tube 54 is typically inserted into the 
patient's mouth and thence into the patient's trachea so that the distal end 56 of the 
endotracheal tube 54 is disposed in the trachea before it branches into the mainstem 
bronchi that lead into the lungs 14 and so that the breathing gas 32 exiting the distal end 

15 56 of the endotracheal tube 54 is in fluid communication of the patient's lung. 

"Pressure support ventilation" may be a ventilation support medical procedure for 
supplying pressure support breaths of breathing gas 32 at a pressure support level during 
inspiration by a patient 10. Pressure support ventilation is advocated to unload the 
20 respiratory muscles and decrease the work of breathing and thus decrease energy demands 
of patients 10 with decreased compliance and/or increased resistance. It also augments 
spontaneous breathing by decreasing the work imposed by the resistance of the breathing 
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apparatus. In pressure support ventilation, the ventilator 20 is patient-triggered "ON " 
* rcsultirfg in art abrupt "increase in 'pressure within the endotracheal tube 54 to the 
preselected pressure support ventilation level, which provides a positive-pressure level, 
resulting from a variable flow of gas 32 from the ventilator 20. As long as the patient 10 

5 maintains an inspiratory effort, airway pressure is held constant at the preselected pressure 
support ventilation level. Gas flow rate from the ventilator 20 typically ceases when the 
patient's inspiratory flow rate demand decreases to a predetermined percentage of the 
initial peak mechanical inspiratory flow rate (e.g., 25%). The ventilator 20 is thus flow- 
cycled "OFF* during pressure support ventilation. Once the preselected pressure support 

10 level is inputted and set, the patient 10 interacts with the pressure-assisted breath and 
retains control over inspiratory time and flow rate, expiratory time, breathing rate, tidal 
volume, and minute volume. Patient 10 work decreases and ventilator work increases at 
incremental levels of pressure support ventilation. 

15 A "breathing gas" may be any gas 32 supplied to the patient 10, such as pure 

oxygen, air mixed with oxygen, and/or medication mixed with eitheroxygen or oxygen and 
air and may also refer to the gas 32 exhaled by the patient 10. For example, a supply of 
oxygen can be supplemented by air, nitrogen, helium, nitrous oxide, nitric oxide, carbon 
dioxide, medications, or a mixture thereof. 

20 

Referring to Figs. 1 and 2, a patient is indicated at 10, The first embodiment of the 
present invention is a medical ventilator 20 having a selectable pressure support ventilation 
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level, the medical ventilator 20 in flow/fluid communication with a gas source 30 of 
breathing gas 32 and a functionally dpen ventilator flow boridutf 40 having a patient 
breathing attachment 50 in fluid communication with the lungs 14 of the patient 10. The 
breathing gas 32 is pressure and/or flow rate controlled by a gas delivery means of the 

5 medical ventilator 20 so that the breathing gas 32 is delivered to the patient 10 at the 
selected pressure support ventilation level. The ventilator further comprises a pressure 
sensing means disposed within the ventilator conduit 40 for sensing the pressure of the gas 
32 within the ventilator conduit 40, a flow rate measuring means disposed within the 
ventilator conduit 40 for measuring the flow rate of the gas 32 within the ventilator conduit 

10 40, and a monitoring means operatively connected to the pressure sensing means and the 
flow rate measuring means for monitoring the work of breathing of the patient 10 and 
operatively coupled to gas delivery system of the ventilator 20 via a regulating means for 
regulating the selected pressure ventilation level of the ventilator 20. 

15 Referring now to Fig. 1, the medical ventilator 20, according to the first 

embodiment of the present invention, for advising of and/or providing the necessary 
pressure support ventilation level during pressure support ventilation is shown generally. 
Such a ventilator 20 is particularly useful in controlling the pressure support ventilation 
level supplied by the ventilator 20 so that the work of breathing of the patient 10 is 

20 maintained within the desired (z.e M the predetermined) work of breathing range. 
Specifically, Fig. 1 illustrates a gas delivery means, preferably a pneumatic system 22, in 
fluid/flow communication with a gas source 30 of one or more breathing gases 32 and a 
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ventilator conduit 40 and in operative connection with a monitoring means, preferably a 
microprocessor 60* The ventilator conduit 40 is in fluid/flow communication* with the* 
lungs 14 of the patient 10. The microprocessor 60 and the pneumatic system 22 are 
connected to a power source 24. The microprocessor 60 may be connected to a visual 
5 display 70 for visual display of selected data and a user interface 80 for user defined 
control of the ventilator 20. The microprocessor 60 is also shown connected to a flow rate 
sensor 90, that measures the flow rate of the gas 32 within the ventilator conduit 40 and 
proximate the flow rate sensor 90, and a pressure sensor 100, that measures the pressure 
of the gas 32 proximate the pressure sensor 100, and to the pneumatic system 22 of the 
10 ventilator 20 via a regulating means. 

As one skilled in the art would appreciate, the pneumatic system 22 of the medical 
ventilator 20 and the operative connection of that pneumatic system 22 to the source of 
breathing gas 32 of the ventilator 20 may be any design known in the art that has at least 

15 one actuator 26 that is capable of being operatively coupled, preferably electrically 
coupled, to the microprocessor 60 for pressure and/or flow rate controlling the breathing 
gas 32 supplied to the ventilator 20 from the gas source 30 so that the breathing gas 32 may 
be provided to the patient 10, during pressure support ventilation, at a selectable pressure 
support ventilation level which may be regulated. Such a pneumatic system 22 are 

20 disclosed in U.S. Patents Nos. 4,838,259 to Gluck et al., 5,303,698 to Tobia et al., 
5,400,777 to Olsson et al., 5,429, 123, to Shaffer et al., and 5,692,497 to Schnitzer et al. 
and are incorporated by reference herein. Further, medical ventilators having pneumatic 
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systems capable for selectably delivering pressure support ventilation levels during 
• pressure support ventilation are commercialty available." Fof example,' the ventilator 20 
and source of breathing gas 30 may be comprised of a Mallinckrodt, Nelcor, Puritan- 
Bennett. 7200ae, or a Bird 6400 Ventilator. 

5 

The regulating means of the ventilator 20 preferably comprises at least one driver 
circuit 25 electrically coupled to the monitoring means and to each actuator 26 of the gas 
delivery means. The driver circuits 25 adjust each actuator 26, as required, based on 
electrical signals received from the monitoring means, thus regulating the pressure and/or 
10 flow rate of the breathing gas 32 supplied to the patient 10. Each driver circuit may be a 
signal line. 

Referring now to Fig. 2, an example of an embodiment of such a medical ventilator 
20 is shown. Here the pneumatic system 22 of the ventilator 20 has two actuators 26, an 

15 inhalation conduit actuator 27 and an exhalation conduit actuator 28, that are operatively 
connected via the regulating means to the microprocessor 60. Each actuator 26 preferably 
defines a passage [not shown] through which the breathing gas 32 traverses and an actuator 
control means for adjusting the passage to change the rate of flow of the gas 32 
therethrough. The regulating means adjusts the actuator control means of at least one 

20 actuator 26, if necessary, so that the pressure and/or flow of breathing gas 32 exiting the 
ventilator 20 through a ventilator outlet gas port is established and delivered at the selected 
pressure support ventilation level to the patient 10 via the ventilator conduit 40. The 
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actuator 26 can be a binary valve, which is in either a fully open or fully closed position, 
or, rtofe preferably, a'proportional valve; in* which the passage of the actuator 26 is opened 
proportionally corresponding to various desired flow rates. The proportional valve is 
preferably a high speed, flow regulating solenoid valve for regulating the flow of gas 32 
5 from the gas source 30. 

The medical ventilator 20 is in flow/fluid communication with the ventilator 
conduit 40 for delivery of the breathing gas 32 to the patient 10 at the selected pressure 
support ventilation level. As shown in Figs. 1 and 2, and as one skilled in the art will 
10 appreciate, the ventilator flow conduit may be any conduit that allows for the tidal (to-and- 
fro) respiration of the breathing gas 32 (i.e., the conduit allows for the inhalation of the 
breathing gas 32 and for the exhalation of the gas 32 from the patient's lungs 14). 

In the preferred embodiment however, and as shown in Fig. 2, the ventilator 
1 5 conduit 40 has an inhalation conduit 42, an exhalation conduit 45, and a patient breathing 
attachment 50. The inhalation conduit 42 provides a conduit for the flow of the breathing 
gas 32 from the ventilator 20 to a patient's breathing apparatus 50 during the inhalation 
phase of the patient's breath. The exhalation conduit 45 provides a conduit for the flow 
of the exhaled breathing gas 32 from the patient's breathing apparatus 50 to the ambient 
20 atmosphere or back to the ventilator 20 during the exhalation phase of the patient's breath. 
The inhalation conduit 42 has a first end 43 and an opposed second end 44 and the 
exhalation conduit 45 has a front end 46 and an opposed back end 47. The first end 43 of 
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the inhalation conduit 42 is operatively connected to the ventilator outlet gas port 21 and 
• the second end 44 of the inhalatiort conduit 42 is Operatively cbhnected to the jiatienf • 
breathing attachment 50. Similarly, the front end 46 of the exhalation conduit 45 is 
operatively connected to the patient breathing attachment 50 and the back end 47 of the 
5 exhalation conduit 45 is preferably operatively connected to a ventilator inlet gas port 23. 
The inhalation conduit 42 and the exhalation conduit 45 are preferable flexible and 
sufficiently long to permit the ventilator 20 to be placed at a convenient distance from a 
patient 10 undergoing ventilator breathing support. 

10 As shown in Fig. 2, if used, the inhalation conduit actuator 27 of the ventilator 20 

is preferably interposed between the source of breathing gas 30 and the inhalation conduit 
42. Similarly, the exhalation conduit actuator 28 should be disposed near the ventilator 
inlet gas port 23 in fluid/flow communication with the gas 32 flowing from the exhalation 
conduit 45. The exhalation conduit actuator 28 may be preceded by a one-way valve to 

1 5 prevent retrograde flowing of gas 32 in the exhalation conduit 45 of the ventilator conduit 
40. 

As shown in Fig. 2, if an endotracheal tube 54 is used as the patient breathing 
attachment 50, the second end 44 of the inhalation conduit 42 and the front end 46 of the 
20 exhalation conduit 45 are operatively connected to the proximal end 58 of the endotracheal 
tube 54. Preferably, for ease of connection of the inhalation and exhalation conduits 42, 
45 to the endotracheal tube 54, the second end 44 of the inhalation conduit 42 and the front 
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end 46 of the exhalation conduit 45 is operatively connected to a fitting called a patient 

wye 48. Further; the wye fitting 48 is operatively connected to the "proximal end 5& of the - • • • :> 

endotracheal tube 54. Thus, the endotracheal tube 54 and the flexible inhalation and | 
exhalation conduits 42, 45 serve as primary intake and exhaust pathways for inhalation and ; 
| 5 exhalation gases 32 entering and leaving, respectively, the patient's body through the lungs 

C: 14. • • j 

As shown in Figs. 1 and 2, various continuous sensing and/or measuring means are 
coupled to the ventilator 20 to facilitate the continuous monitoring of the work of breathing 
10 of the patient 10. Each of these means are commercially available. In the preferred 
embodiment of the present invention, the flow rate measuring means and the pressure 
sensing means are disposed within the ventilator conduit 40. For convenience and ease of 
! connection, the flow rate measuring means is preferably disposed between the wye piece 

v 48 and the proximal end 58 of the endotracheal tube 54. The flow rate measuring means 

15 generates a flow signal representative of the flow rate of the gas 32 proximate the flow rate 
measuring means. The flow signal generated from the flow rate measuring means is 
transmitted through a first , analog-to-digital converter 110 (A/D converter) to the 
^ microprocessor 60 on flow signal line 111. Thus, the flow rate measuring means is 

preferably. a flow rate sensor 90 and more particularly, is preferably a differential pressure 
20 analyzer 92, such as a pneumotachometer. For example, the differential pressure analyzer 
92 may be comprised of a disposable, variable orifice pneumotachometer provided by 
Accutach, Glen Medical Products or a fixed orifice differential pressure pneumotach by 
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Novametric Medical Systems. However, any flow rate sensor that is capable of sensing 
"the* flow rate of the* gas 32 within* the ventilator conduit 40 and provi&hg a signal 
representative of that flow rate may be substituted for the flow rate sensor 90. A rotameter, 
a respirometer, or a thermistor flow sensor, such as the Calculair Portable Electronic 
5 Spirometer by Hospal Medical Corporation, could be suitable substitutes. 

The pressure sensing means is preferably disposed in the flow path of the gas 32 
within the endotracheal tube 54. More particularly, for convenience and ease of 
connection, it is preferred that the pressure sensing means be proximate the flow measuring 

10 means. The pressure sensing means generates a pressure signal representative of the 
pressure of the gas 32 proximate the pressure sensing means. Accordingly, the pressure 
sensing means is preferably a pressure sensor 100. More particularly, the pressure sensor 
100 is preferably a piezoresistive pressure sensor or a solid state pressure transducer. Still 
more preferred, if the flow measuring means is the preferred differential pressure analyzer 

1 5 92, the differential pressure analyzer 92 may also concurrently sense the pressure of the gas 
32 proximate the differential pressure analyzer 92, thereby acting as the pressure sensor 
100, and generate the requisite pressure signal. This is preferred as it requires only one 
sensor, the differential pressure analyzer 92, to act as both the flow measuring means and 
the pressure sensing means and it allows the flow rate and pressure data gathering to be 

20 accomplished at a single site in the ventilator conduit 40. 
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The pressure signal from the pressure sensor 100 is transmitted through a second 
A/D converter 1 12 to the microprocessor 60 bh pressure signal line 113. Thfs jjressute 
signal may be transmitted through a digital or analog anti-aliasing filter [not shown] to 
remove noise above the Nyquist frequency before processing by the first A/D converter. 

5 The pressure sensor 100 may, for example, be comprised of commercially available 
pressure sensors from Honeywell or Sensym. However, it must be noted that any pressure 
sensor 100 capable of sensing the pressure of the gas 32 proximate the pressure sensor 100 
and providing a signal representative of that pressure sensed could be substituted as the 
pressure sensor 100. For example, an aneroid pressure manometer could be a suitable 

10 substitute. 



While a first and a second A/D converter 1 10, 1 12 are described for use with the 
flow rate sensor 90 and the pressure sensor 100 respectively, it is preferred that a single, 
multiplexed A/D converter [not shown] be used for converting the respective flow signal 
15 and pressure signal to digital format. 



The monitoring means is responsive to the output of the pressure sensing means 
and the flow rate measuring means the pressure signal and the flow rate signal 
respectively). The overall goal of the monitoring means is to advise of and/or maintain the 
20 most effective pressure support ventilation level for a ventilator 20 providing a patient 10 
with pressure support ventilation while minimizing pressure related pulmonary and 
cardiovascular compromise. Specifically, as shown in Figs. 1-8, the selected pressure 
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ventilation level is determined, in the open-loop operation, and then alternatively 
automatically set, in the closed-loop operation, so tfiat the work of breathing of the patient 
10 may be maintained within a predetermined work of breathing range. 

5 Preferably, the monitoring means is a microprocessor 60 that is electrically coupled 

to the flow rate sensor 90 used as a flow rate measuring means via flow signal line 111 and 
to the pressure sensor 100 used as a pressure sensing means via pressure signal line 1 13. 
The microprocessor 60 may be analog or digital and should contain circuits to be 
programmed for performing mathematical functions such as waveform averaging, 

10 amplification, linearization, signal rejection, differentiation, integration, addition, 
subtraction, division and multiplication, where desired. Circuits or programs for 
performing these functions are conventional and well known, and they form no part of the 
present invention. A microprocessor 60 is preferred over dedicated analog or digital 
processors because it has the flexibility to be programmed to store and analyze data and 

15 to provide hard copy in many forms. If an analog microprocessor 60 is used, the first and 
second A/D converters or the single, multiplexed A/D converter are not required, because 
the analog microprocessor 60 requires the flow signal and the pressure signal to be in the 
nonconverted analog format. 

20 The parameters and data derived from the signals produced by the flow rate sensor 

90 and the pressure sensor 100 as stored in the memory 62 of the microprocessor 60 at 
user-defined rates for as-needed retrieval and analysis. The flow rate and pressure sensors 
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90, 100 may continually monitor/sense the flow rate and the pressure of the breathing gas 
32 proximate the respective sensorfs. The parameter's and data mayinclude: pfcessurer, peak 
inflation pressures (PIP), flow rate, peak inspiratory flow rate, respiratory muscle pressure 
(Pmus(t)), average respiratory muscle pressure during the inspiratory period (Pmus avg (t)), 

5 average respiratory muscle pressure over a serial number of breaths (Pmus avgN (t))* static 
elastic recoil pressure (ERP), inspiratory tidal volume, baseline airway pressure, PEEP, 
mean airway pressure, spontaneous and ventilation breathing frequency, and spontaneous, 
ventilator, and total minute ventilation. The memory 62 may be, for example a floppy disk 
drive or internal RAM or hard drive of the associated microprocessor 60. These patient 

1 0 data may be stored to provide a permanent log of all events related to the patient's course 
on the ventilator 20, and allow for on-line and retrospective analysis of pulmonary 
function, Le., compliance of the respiratory system (Crs), resistance of the respiratory 
system (Rrs), and gas 32 analysis as a function of time. Furthermore, the microprocessor 
60 can perform operator-specific physiologic calculations on-line and in real-time, such 

15 as the calculation of the work of breathing and the average respiratory muscle pressure of 
the patient 10. Alternatively, these can be stored for later analysis and review. 

The circuitry for monitoring the work of breathing of the patient 10 can be 
embodied by other circuitry well know in the art. In addition, while the monitoring means 
20 has been described as having a single microprocessor 60 for monitoring signals 
representing pressure and flow rate of the gas 32 proximate the respective sensors, and for 
controlling the selectable pressure support ventilation level of the ventilator 20, it should 
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be understood that two or more microprocessors 60 could be used dedicated to the 
" individual functibris. Ih adclitton; the functions of the microprocessor 60 could be achieved" 
by other circuits, such as an application specific integrated circuit (ASIC), digital logic 
circuits, a microcontroller, or a digital signal processor. 

5 * , 

Further, the microprocessor 60 may have a user interface 80 which, in the preferred 

embodiment, is a membrane keypad, a keyboard, or other suitable input device. An 

operator of the ventilator may provide the microprocessor 60, via the user interface 80, 

with any number of desirable input parameters, such as patient identification information, 

10 patient age, patient weight, patient health, or any other desired patient statistics. However, 
at minimum, the operating clinician must input the desired predetermined work of 
breathing range so that the microprocessor 60 may compare the determined work of 
breathing derived from the flow rate sensor 90 and the pressure sensor 100 to the 
predetermined work of breathing range input therein. Predetermined inspiratory reference 

15 data, such as the Crs and Rrs of the respiratory system, may also be input into the 
microprocessor 60. 

The ventilator 20 may further have a visual display 70, electronically coupled to 
the monitoring means for outputting and displaying electronic output signals generated 
20 from the monitoring means. The preferred electronic output signals may include at least 
one of: the signal data, the determined tidal volume, the determined respiratory muscle 
pressure (Pmus(t)), the determined average respiratory muscle pressure during the 
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inspiratory period (Pmus avg (t)), the determined average respiratory muscle pressure over 
* a serial number of breath's (ftnus- v? ' N (t)) average* tidal volume, tHeaverage peak inspiratory 
muscle pressure, the average respiratory muscle pressure, the work of breathing of the 
patient 10. the selected pressure support ventilation level, the target pressure support 
5 ventilation level, and the initial value of the selected pressure support level for concurrent 
review by the operator of the ventilator 20. The visual display 70 may vary the pattern of 
the display in accordance with the contents of the electronic output signals from the 
monitoring means. Preferably, the visual display 70 is a monitor but any means for 
displaying electronic output signals known to one skilled in the art may be used. 

10 

Still further, the ventilator 20 may have an alarm means for alerting the operator 
of either a failure in the ventilator 20, such as a power failure, or an inappropriate 
ventilator support setting, such as a pressure support ventilation level that does not 
maintain the work of breathing of the patient 10 within the desired predetermined work of 
1 5 breathing range. Preferably, the alarm means comprises a visual and/or audio alarm 74 but 
any means for alerting the operating clinician known to one skilled in the art may be used. 
Of course, it is desired to use a backup power supply, such as a battery. 

Referring now to Fig. 3, in the open-loop operation of the first embodiment of the 
20 present invention, the monitoring means is responsive to the pressure signal and the flow 
signal to continually determine the work of breathing of the patient 10. The monitoring 
means compares the determined work of breathing of the patient 10 to a predetermined 
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work of breathing range and generates a response signal based on the comparison. The 
* monitoring means gefterates'the responsfe signal when the patient's work of breathing is 
not within the predetermined work of breathing range. Then, in response to the response 
signal of the monitoring means, the alarm means may generate an alarm that is suitable for 

5 alerting an operator that the patient's work of breathing is not within the predetermined 
work of breathing range, and the monitoring means may store the selected pressure support 
ventilation level as an initial value of the selected pressure support ventilation level. Still 
in response to the response signal of the monitoring means, the regulating means adjusts 
at least one of the actuators 26 of the pneumatic system 22 of the ventilator 20, if 

10 necessary, to adjust the selected pressure support ventilation level of the breathing gas 32 
supplied to the patient 10. Thus, the regulating means, which is responsive to the response 
signal, increments the selected pressure support ventilation level provided by the ventilator 
20 if the patient's work of breathing is greater than the predetermined work of breathing, 
or decrements the selected pressure support ventilation level delivered by the ventilator 20 

15 if the patient's work of breathing is less than the predetermined work of breathing. The 
regulating means may increment/decrement the selected pressure support ventilation level 
by a constant level value, such as 1 or 2 PSV units, or by a variable level value based on 
the proportional difference between the work of breathing of the patient 10 and the 
predetermined work of breathing range. This incrementing and/or decrementing process 

20 continues until a selected pressure support ventilation level is reached wherein the patient* s 
work of breathing is within the predetermined work of breathing range. 
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The monitoring means also detects when the patient* s work of breathing is within 
* the predetermined work of breathing rahgeand generates a level signal in response thereto: * 
The monitoring means, in response to the level signal, stores the selected pressure support 
ventilation level as a target pressure support level which is indicative of the pressure 

5 support ventilation level, during pressure support ventilation, which will provide the 
patient 10 with a work of breathing within the desired predetermined work of breathing 
range. This target pressure support level is displayed to the operator to advise them of the 
appropriate pressure support level. In the open-loop operation, in response to the level 
signal of the monitoring means, the regulating means then adjusts at least one of the 

10 actuators 26 of the pneumatic system 22 of the ventilator 20, if necessary, to adjust, by 
increments or decrements, the selected pressure support ventilation level of the breathing 
gas 32 supplied to the patient 10 so that the selected pressure support ventilation level is 
brought back to the initial selected pressure support ventilation level. 

15 Thus, in the open-loop operation of the first embodiment of the present invention, 

upon the input of the desired predetermined work of breathing range (and the 
predetermined compliance and resistance of the respiratory system, if required) in Block 
300, the ventilator 20 begins to provide pressure support ventilation at an initial value of 
the selected pressure support ventilation level, as shown in Block 310. The monitoring 

20 means, in Block 320, then monitors the work of breathing of the patient 10 and, when the 
work of breathing is not within the desired work of breathing range, determines, in Block 
330, the target pressure support ventilation level that would maintain the patient's work 
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of breathing within the desired predetermined work of breathing range. Concurrent with 
* the determination of the target pressure support Ventilatiofi level/the operator may be 
alerted via the alarm means that the selected pressure support ventilation level is not 
providing pressure support ventilation that maintain the patient's work of breathing within 

5 the predetermined work of breathing range the ventilator 20 is not providing the 
quality and/or quantity of pressure support ventilation necessary for the patient's current 
pathophysiology). Subsequent to the determination of the target pressure support 
ventilation level, the operator, in Block 340, is advised of the target pressure support 
ventilation level that will bring the patient's work of breathing within the desired range. 

10 However, as shown in Fig. 3, in the open-loop operation, the monitoring means of the 
ventilator 20 then steps back to block 310 to provide pressure support ventilation at the 
selected pressure support level that existed prior to the adjustment of the selected pressure 
support ventilation level in response to the response signal (i.e., back to the initial pressure 
support ventilation level). The monitoring means continues to monitor the patient's work 

1 5 of breathing and advise the operator of the target pressure support ventilation level that will 
maintain the patient's work of breathing within the desired work of breathing range until 
the ventilator 20 is reset by the operator. For those medical procedures or oversight 
procedures that require the operating clinician to select the pressure support ventilation 
level supplied by the ventilator 20 to the patient 10, the open-loop operation provides the 

20 necessary safety restriction as the operator must select the target pressure support 
ventilation level in order for the ventilator 20 to provide pressure support ventilation at the 
target pressure support ventilation level. 
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Fig. 4 shows a flowchart for a preferred embodiment of the software that controls 
* the open-Idop operation'. The program contiriUes to execute as' long as the ventilator 20iS • 
not reset. At step 400, the input parameters are selected, such as the desired predetermined 
work of breathing range, the predetermined compliance and resistance of the respiratory 

5 system, if required, etc. The initial value of the selected pressure support level may also 
be selected, however, it is preferred that the initial value of the selected pressure support 
level start at zero so that the ventilator 20 can subsequently increment the pressure support 
ventilation level until the target pressure support ventilation level is determined. At step 
4 1 0, the initial value of the selected pressure support ventilation level is stored and, in step 

1 0 420, the ventilator 20 supplies breathing gas 32 to the patient 1 0 via the ventilator conduit 
40 at the selected pressure support ventilation level. At step 430, the pressure of the 
breathing gas 32 is sensed and the flow rate of the breathing gas 32 is measured. At step 
440, the work of breathing of the patient 10 is calculated from the sensed pressure and the 
measured flow rate of the breathing gas 32. In step 450, the work of breathing is 

1 5 monitored and, if the work of breathing of the patient 10 is not within the predetermined 
work of breathing range, the control algorithms in the program control the pressure support 
ventilation level of the ventilator 20 to selectively either increment, in step 460, when the 
work of breathing of the patient 10 is greater than the predetermined work of breathing 
range, or decrement, in step 470, when the work of breathing of the patient 10 is less than 

20 the predetermined work of breathing range, the selected pressure support ventilation level. 
The ventilator 20 may also alarm the operator that the patient's work of breathing is not 
within the desired work of breathing range. After either incrementing the selected pressure 
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support level in step 460 or decrementing the selected pressure support ventilation level 
' in step 470, the ventilator 20 steps bade to step 420 arid supplies breaihfng gas 32 to* the 
patient 10 at the incremented/decremented selected pressure support ventilation level. If 
the selected pressure support ventilation level is not incremented or decremented in steps 
5 460 and 470, the ventilator 20, after step 470, steps back to step 430. 

However, if, in step 450, the work of breathing of the patient 10 is within the 
predetermined work of breathing range, the operator is advised, in step 480, of the selected 
pressure support ventilation level as the target selected pressure support ventilation. 
10 Further, if the selected pressure support level has been either incrementally or 
decrementally moved, in steps 460 and 470, from the initial value of the selected pressure 
support level to determine the target pressure support ventilation, in step 490, the selected 
pressure support ventilation level is restored to the initial value of the selected pressure 
support ventilation level. 

15 

Thus, preferably, in the normal operating mode of the open-loop operation of the 
present invention, the operator needs only to input the desired work of breathing range and, 
if required, the compliance and resistance of the respiratory system. The ventilator 20 then 
preferably applies pressure support ventilation at a low initial pressure support ventilation 
20 level, such as 0 or 2 PSV units. The ventilator 20 will then continue to incrementally 
increase the selected pressure support ventilation level until the work of breathing is within 
the desired work of breathing range. The selected pressure support ventilation that 
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maintains the patient's work of breathing within the predetermined work of breathing 
* range is then displayed to thfe Operator as the target pressure support Ventilation level tod 
the selected pressure support ventilation level of the ventilator 20 is restored to deliver the 
pressure support ventilation at the initial pressure support ventilation level. 

5 

When the operator makes the intervention necessary in the open-loop approach, i.e., 
manually selecting the target pressure support ventilation level as the initial selected 
pressure support ventilation level, the ventilator 20 delivers the breathing gas 32 to the 
patient 10 at the selected pressure support ventilation level and the work of breathing of 

10 the patient 10 is monitored based on the sensed pressure and measured flow rate of the 
breathing gas 32 within the ventilator conduit 40. As one skilled in the art will appreciate, 
the ventilator 20 will continue to monitor the patient's work of breathing, continue to 
control the selected pressure support ventilation level of the ventilator 20, if necessary, to 
determine the target pressure support ventilation level by incrementing the selected 

1 5 pressure support ventilation level of the ventilator 20 if the patient' s work of breathing is 
greater than the desired work of breathing range or by decrementing the selected pressure 
support ventilation level of the ventilator 20 if the patient's work of breathing is less than 
the desired work of breathing range, continue to display the target pressure support level 
to the operator, and continue to restore the selected pressure support ventilation level to 

20 the initial selected pressure support ventilation level until the ventilator 20 is reset. 
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The closed-loop operation of the first embodiment of the present invention is 
similar to the opert-loop operation With the exception that the veritilatof 20'of the closed- 
loop operation automatically determines, sets, and delivers the pressure support ventilation 
level during pressure support ventilation that will maintain the patient's work of breathing 

5 within the desired predetermined work of breathing range. Referring to Fig. 5, a general 
overview of the closed-loop operation is shown. Just as in the open-loop operation 
described above, the monitoring means is responsive to the pressure signal and the flow 
signal to continually determine the work of breathing of the patient 10. The monitoring 
means compares the determined work of breathing of the patient 10 to a predetermined 

1 0 work of breathing range and generates a response signal based on the comparison when the 
patient's work of breathing is not within the predetermined work of breathing. Then, in 
response to the response signal of the monitoring means, the alarm means may generate 
an alarm that is suitable for alerting an operator that the patient work of breathing is not 
within the predetermined work of breathing range and the regulating means adjusts at least 

15 one of the actuators 26 of the pneumatic system 22 of the ventilator 20, if necessary, to 
adjust the selected pressure support ventilation level of the breathing gas 32 supplied to the 
patient 10. Thus, the regulating means, which is responsive to the response signal, 
increments the selected pressure support ventilation level provided by the ventilator 20 if 
the patient's work of breathing is greater than the predetermined work of breathing, or 

20 decrements the selected pressure support ventilation level delivered by the ventilator 20 
if the patient's work of breathing is less than the predetermined work of breathing. The 
regulating means may increment/decrement the selected pressure support ventilation level 
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by a constant level value, such as lor 2 PSV units, or by a variable level value which is 
preferably based on the proportional difference between the work of bifeathfng of the 
patient 10 and the predetermined work of breathing range. This incrementing and/or 
decrementing process continues until a selected pressure support ventilation level is 
5 reached wherein the patient's work of breathing is within the predetermined work of 
breathing range. 

The monitoring means detects when the patient's work of breathing is within the 
predetermined work of breathing range and may generate a level signal in response thereto. 

10 The monitoring means, in response to the level signal, may store the selected pressure 
support ventilation level as a target pressure support level which is indicative of the 
pressure support ventilation level, during pressure support ventilation, which will provide 
the patient 10 with a work of breathing within the desired predetermined work of breathing 
range. Further, the monitoring means may display this target pressure support level to the 

15 operator to advise them of the appropriate pressure support level currently being supplied 
to the patient 10 by the ventilator 20 to maintain the patient's work of breathing within the 
desired predetermined work of breathing range. 

Thus, in the closed-loop operation, upon the input of the desired predetermined 
20 work of breathing range (and the predetermined compliance and resistance of the 
respiratory system, if required) in Block 510, the ventilator 20 begins to provide pressure 
support ventilation at an initial value of the selected pressure support ventilation level, as 
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shown in Block 520. The monitoring means, in Block 530, then monitors the work of 
breathing of the patient 10 and, when the work of breathing is not within the desired work 
of breathing range, determines, in Block 540, the target pressure support ventilation level 
that would maintain the patient's work of breathing within the desired predetermined work 

5 of breathing rang?. Concurrent with the determination of the target pressure support 
ventilation level, the operator may be alerted via the alarm means that the selected pressure 
support ventilation level is not providing pressure support ventilation that can maintain the 
patient's work of breathing within the predetermined work of breathing range (i.e., the 
ventilator 20 is not providing the quality and/or quantity of pressure support ventilation 

10 necessary for the patient's current physiology). Subsequent to the determination of the 
target pressure support ventilation level, the operator, in Block 550, may be advised of the 
target pressure support ventilation level that has been selected by the monitoring means for 
delivery of the requisite level of pressure support ventilation that will bring the patient's 
work of breathing within the desired range. The monitoring means then, as shown in 

1 5 Block 560, automatically begins to delivery pressure support ventilation to the patient 10 
at the target pressure support ventilation level. No intermediate or intervening actions are 
required from the operator for the ventilator 20 to continually monitor the work of 
breathing of the patient 10 and to determine and automatically deliver the appropriate 
pressure support ventilation level that will maintain the patient's work of breathing within 

20 the desired predetermined work of breathing range. Rather, the operator of the ventilator 
20 may be simply advised that a change in the selected pressure support ventilation level 
has been made to adequately support the current physiological needs of the patient 10. 
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After Block 560, the delivery of the breathing gas 32 to the patient 10 at the target pressure 
* - ' support ventilation level, thd ventilator 20 fetttfns to Block 520 to* monitor th£ work *of ' 
breathing of the patient 10. Blocks 520 to 560 continue until the ventilator 20 is reset by 
the operator. The closed-loop operation thereby provides for the automatic pressure 
5 support ventilation support in response to the changing status needs of the patient 10 by 
automatically setting and supplying pressures support ventilation at the selected pressure 
support ventilation level (z.e., the target pressure support ventilation level) that will 
maintain the patient's work of breathing within the desired predetermined work of 
breathing range. 

10 

Fig. 6 shows a flowchart for a preferred embodiment of the software that controls 
the closed-loop operation of the present invention. The program continues to execute as 
long as the ventilator 20 is not reset. At step 600, the input parameters are selected, such 
as the desired predetermined work of breathing range, the predetermined compliance and 

15 resistance of the respiratory system, if required, etc. The initial value of the selected 
pressure support level may also be selected, however, it is preferred that the initial value 
of the selected pressure support level start at zero so that the ventilator 20 can subsequently 
increment the pressure support ventilation level until the target pressure support ventilation 
level is determined. At step 610, the ventilator 20 supplies breathing gas 32 to the patient 

20 10 via the ventilator conduit 40 at the selected pressure support ventilation level. At step 
620, the pressure of the breathing gas 32 is sensed and the flow rate of the breathing gas 
32 is measured. At step 630, the work of breathing of the patient 10 is calculated from the 
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sensed pressure and the measured flow rate of the breathing gas 32. In step 640, the work 
of breathing is monitored and if the work of breathing of the patient 10 is not within the 
predetermined work of breathing range, the operator may be alarmed in step 650 that the 
patient's work of breathing is not within the desired work of breathing range and the 

5 control algorithms in the program control the pressure support ventilation level of the 
ventilator 20 to selectively either increment, in step 660, when the work of breathing of the 
patient 10 is greater than the predetermined work of breathing range, or decrement, in step 
670, when the work of breathing of the patient 10 is less than the predetermined work of 
breathing range, the selected pressure support ventilation level. After either steps 660 or 

10 670, the ventilator 20 then steps back to step 610 and supplies breathing gas 32 to the 
patient 10 at the incremented/decremented selected pressure support ventilation level. If, 
in step 640, the work of breathing of the patient 10 is within the predetermined work of 
breathing range, the operator may be advised, in step 680, of the selected pressure support 
ventilation level as the target selected pressure support ventilation and the ventilator 20 

15 steps back to step 620. 

Thus, in the normal operating mode of the closed-loop operation, the operator 
heeds only to input the desired work of breathing range and, if required, the compliance 
and resistance of the respiratory system. The ventilator 20 then preferably initiates 
20 pressure support ventilation at a low initial pressure support ventilation level, such as 0 or 
2 PSV units. The ventilator 20 will then continue to incrementally increase the selected 
pressure support ventilation level until the work of breathing is within the desired work of 
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breathing range. The selected pressure support ventilation that maintains the patient's 
* work t>r breathing may then be displayed to the operator as the target pressure support- 
ventilation level. Upon determination of the target pressure support ventilation level, the 
ventilator 20 automatically delivers the breathing gas 32 to the patient 10 at the selected 
5 target pressure support ventilation level corresponding to the target pressure support 
ventilation level without need for operator intervention. 

As one skilled in the art will appreciate, the closed-loop operation will continue to 
monitor the patient's work of breathing, to control the selected pressure support ventilation 

10 level of the ventilator 20, if necessary, to determine the target pressure support ventilation 
level by incrementing the selected pressure support ventilation level of the ventilator 20 
if the patient's work of breathing is greater than the desired work of breathing range or by 
decrementing the selected pressure support ventilation level of the ventilator 20 if the 
patient's work of breathing is less than the desired work of breathing range, and continue 

15 to supply pressure support ventilation to the patient 10 at the selected pressure support 
ventilation level corresponding to the target pressure support ventilation level until the 
ventilator 20 is reset. 



As one skilled in the art will further appreciate, the work of breathing can be 
20 derived from the pressure signal and the flow signal by any means know to the art. 
However, in response to the inadequacies of the conventional approaches of applying 
pressure support ventilation which depend on either assessing a patient's breathing pattern 
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or of directly measuring the work of breathing of the patient 10 which are either inaccurate 
• • or difficult to measure, it is preferred that the work of breathing of the patient* W be 
derived from the average respiratory muscle pressure of the patient 10. Therefore, it is 
preferred that the monitoring means is responsive to the pressure signal and the flow signal 
5 to continually determine the respiratory muscle pressure of the patient 10 and then to 
continually determine the average respiratory muscle pressure of the patient 10 over a 
selected number of serial breaths. To simply and enhance the accuracy of the calculation 
of the work of breathing of the patient, the present invention may depend on the 
determination of the average respiratory muscle pressure to act as an accurate surrogate of 
10 the work of breathing of the patient 10. The respiratory muscle pressure is significantly 
easier to measure then the direct measure of the work of breathing of the patient 10 and is 
determined from routinely measured data. 



The preferred embodiment of the method for continuously measuring the work of 
15 breathing of the patient 10 from the average respiratory muscle pressure of the patient 10 
with the ventilator 20 of the present invention is illustrated in Figs.4, 6, and 7. First, the 
flow rate sensor 90 and the pressure sensor 100 are positioned so that they are disposed in 
the flow path of the gas 32 within the ventilator conduit 40. Preferably, the flow rate 
sensor 90 is interposed, for convenience, between the wye piece 48 and the proximal end 
20 58 of the endotracheal tube 54 and the pressure sensor 100 is disposed in series next to the 
flow rate sensor 90 at the proximal end 58 of the endotracheal tube 54. If a differential 
pressure analyzer 92 is used as a flow rate sensor, the differential pressure analyzer 92 may 
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operate as both the pressure sensor 100 and the flow rate sensor 90, if desired, as the 
differential pressure analyzer 92 hks the* inherent capacity to generate both the i-equisite* 
pressure signal and the flow signal. 

5 Next the measurement process is started by enabling the microprocessor 60. When 

the measurement process is started, as shown in steps 420, 610 and 700, the flow rate 
sensor 90 measures, preferably continuously, the flow rate of the breathing gas 32 within 
the ventilator conduit 40 and generates a flow signal representative of that flow rate which 
is transmitted toward the processor 60 via line 111. If required, the flow signal is then 

10 digitized by the first A/D converter 1 10 operating at an appropriate sampling frequency. 
The digitized flow signal is then passed to the microprocessor's memory 62 for storage, 
for a predetermined time delay, prior to further processing. Referring to step 710, the tidal 
volume is extracted from the flow signal by integrating the flow signal data over time (V T 
= /v dt). The resulting data is representative of the measured tidal volume and is passed 

15 to the microprocessor's memory 62 for storage prior to further processing. 

Similarly/the pressure of the breathing proximate the pressure sensor 1 00 is sensed, 
preferably continually, and generates a pressure signal representative of that pressure which 
is transmitted toward the microprocessor 60 along line 1 1 3. If required, the pressure signal 
20 is then digitized by the second A/D converter 112 operating at an appropriate sampling 
frequency. The digitized pressure signal is then passed, for a predetermined time delay, 
to the microprocessor's memory 62 for storage prior to further processing. 
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In step 720, if desired, a real-time calculation of Crs and Rrs may be determined* 
'Thence, in step 730', the average respiratory muscle pressure over a serial numfeer of 
breaths (Pmus avgN (t)), of the patient 10 is determined (hereinto referred to as the "average 
respirator)' muscle pressure). A three step procedure is preferably utilized to determine 
5 Pmus avgN < n. First . using the equation of motion f ormula, where t is the time the pressure 
and flow rate arc measured and/or sensed during an inspiration effort of the patient 10, the 
real-lime respirator)' muscle pressure is determined: 

Pmus(t) = Pao(t) -[(Vao(t) / Crs) - (Vao(t) x Rrs)] - baseline pressure; 

where: 

10 Pmus(t): the real-time respiratory muscle pressure during inhalation; 

Pao(t): the pressure of the breathing gas sensed derived from the pressure sensor 

100; 

Vao(t): the tidal volume of the breathing gas derived from the flow rate sensor 90; 
Vao(t): the flow rate of the breathing gas derived from the flow rate sensor 90; 
15 baseline pressure: the baseline pressure of the ventilator 20 (i.e., atmospheric 

pressure or the PEEP of the ventilator 20); 

Crs: the predetermined static compliance of the respiratory system; and 
Rrs: the predetermined resistance of the respiratory system. 

20 Second, the average respiratory muscle pressure during the inspiratory period of a 

single breath is determined by averaging the determined real-time respiratory muscle 
pressure taken over the duration of the inspiratory period: 
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Pmus avg (t) = J (Pmus(t))dt; 

• . . • - 0 . . ........ . . .... .. 

where: 

5 Pmus avg (t) = the average respiratory muscle pressure during the inspiratory period 

of a single breath; 

t = 0 is the beginning of the inspiratory period by the patient 10 (the beginning of 
inspiration by the patient 10) ; and 

Ti = is the end of the inspiratory period of a single breath (the end of inspiration by 
10 the patient 10). 

Finally, the average respiratory muscle pressure over a serial number of breaths is 
determined by averaging the determined Pmus avg (t) over the serial number of breaths: 



Pmus avgN (t) = 1/N ■[ £ Pmus avg (t)l 

breath = 1 



where: 

20 Pmus avgN (t) = the average respiratory muscle pressure of the patient 10 over a serial 

number of breaths; and 

N = the number of serial breaths. 
The determined average respiratory muscle pressure (Pmus avgN (t)) of the patient 10 is stored 
in the microprocessor's memory 62 for further processing. 

25 
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The above equation of motion is well known to those skilled in the art. However, 
the use of the equation of motion to subsequently deriVe values of Pmus^t) determined 
over a serial number of breaths and its correlation to the work of breathing of the patient 
10 is not known. For enhanced accuracy, it is preferred that the average respiratory muscle 
5 pressure (Pmus avgN (t)) of the patient be determined from any serial five breaths of the 
patient 10. 

The constants for the compliance (Crs) and the resistance (Res) of a respiratory 
system for the above equation of motion are determined by methods well known in the art. 

10 The values for Crs and Rrs may be determined statically, i.e., prior to the initiation of the 
ventilation procedure using the ventilator 20 of the present invention, or on a real-time 
basis, i.e., immediately prior to the determination of the average respiratory muscle 
pressure in step 730. The preferred static method for determining Crs and Rrs of the 
respiratory system is known as the end-inspiratory pause methodology. Referring to Figs. 

15 8A - 8C, prior to the initialization of the ventilator 20 in steps 400 and 600, the patient's 
spontaneous breathing is temporarily stopped by the injection of a muscle relaxant. The 
ventilator 20 then supplies breathing gas 32 to the patient 10 at a constant flow rate (V) and 
the pressure sensor 100 detects the peak inflation pressure (PIP) sensed at the airway 
opening Pao (Le. f the pressure of the breathing gas 32 proximate the pressure sensor 100), 

20 prior to the initiation of an inhalation hold. During the subsequent inhalation hold, no flow 
rate of breathing gas 32 is delivered to the patient 10 for a preselected period of, for 
example, 0.5 to 1.0 seconds. At the end of the inhalation hold, the pressure sensor 100 
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detects the plateau pressure (Pplat), indicative of the level of the static elastic recoil 
* pressure; of the respiratory system/ After the previously detennined inhalation time period * 
elapses, passive exhalation of the gas 32 is permitted. Further, the end inspiratory 
pressure, Le. the baseline pressure, is detected by the pressure sensor 100. The tidal 
5 volume of the gas 32 is derived from the measured flow rates during the breathing cycle. 
The peak inhalation pressure, the plateau pressure, the end inspiratory pressure and the 
tidal volume of the breathing gas 32 may be stored in the microprocessor's memory 62 for 
further processing. The end-inspiratory pause procedure provides the following 
measurements: 

10 V: the flow rate, in L/sec, of the breathing gas 32 during the breathing cycle; 

V T : the tidal volume, in L, of the exhaled breathing gas 32; 

PIP: the peak inspiratory pressure, in cm H20; 

Pplat: the plateau pressure, in cm H20 of the respiratory system; and 

baseline pressure: the atmospheric pressure or the PEEP, in cm H20. 
15 The Crs and the Rrs of the respiratory system are then calculated using the formulas: 

Crs = V T / (Pplat- baseline pressure); and 

Rrs = (PIP -Pplat) /V. 
Such static measurements of Crs and Rrs may be input into the microprocessor's memory 
62 in steps 410 or 610 and the real-time measurement of Crs and Rrs in step 720 may then 
20 be bypassed. 
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Real-time measurement of the Crs and Rrs of the respiratory system is preferred 
• over the static measurement of the Crs and Rrs of the respiratory system because the Crs* 
and Rrs of the respiratory system may change during ventilatory support. Real-time 
methods for determining the Crs and Rrs, which may be implemented at step 720, allow 
5 for the determination of the Crs and Rrs "on the fly" which results in real-time 
computation and real-time values for the Crs and Rrs constants of the respiratory system. 
Some dynamic methods for determining Crs and Rrs include using the following formula 
for the computation of Crs: 
Crs = V T /PIP. 
1 0 Here, Rrs in assumed as a constant value. 

However, the preferred method for dynamically determining the Crs and Rrs of the 
respiratory system is to use a least-squares method which was first described by Wald et 
al. in the late 1960s. Resistance (Rrs) and Compliance (Crs) were computed based upon 
15 the measurement of patient airflow, volume and intraesophageal pressure (or airway 
pressure). Other researchers have applied this approach to more complicated models of 
the respiratory system that have included higher order terms and terms for inertance. 

The least-squares fitting method assumes a specific model for the respiratory 
20 system, which is common in the respiratory mechanics literature (i.e., Stocks et al.), and 
fits the waveform data to that model. It is applied during the inspiration, expiration, and 
over the whole breath cycle. It uses all of the data points in the breath cycle and tends to 
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be a more robust method than methods such as the Jonson or Suter methods for resistance 
* which' rely on* the difference between two points in the breathing eyelet- and* which are • 

incorporated herein by reference. In the least-squares method, the lung is assumed to be 

a single compartment, the linear model mathematically expressed as: 
5 Pi =(l/Crs)Vi+RrsVi 

where 

Rrs is the resistance of the respiratory system; 
Crs is the compliance of the respiratory system; 
Vi is the i* volume sample; 
10 Vi is the i* flow sample; and 

Pi is the i 01 pressure difference (where the pressure difference is the pressure 
relative to a baseline level which may be either atmospheric pressure or PEEP). 

The least-squares fitting method minimizes the summed squared errors between all 
15 of the observed pressure data points in the pressure wave form (P 0 bserved) anc * a ^ est & l 
pressure curve (P B ectftt)- Th e least squares method minimizes the sum of squared errors 
(S) between P 0B served md p best ftp 

S = X* ( Pbest fit " ^observed ) 2 - 

20 

To "minimize" the error between the best fit and the observed pressures, the partial 
derivatives of S with respect to Rrs and Crs are computed, set to zero and solved for Rrs 
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and Crs. This results in expressions for Rrs and Crs consisting of cross-products of 
" • " volume and flow*, pressure and Volume arid flow themselves. ' 

Rrs = [(5> 2 ^ 

5 

Crs = rv 2 / [EPV - (Rrs EVV );. 

where 

Rrs is the resistance of the respiratory system; 
Crs is the compliance of the respiratory system; 
10 V is the volume sample; 

V is the flow sample; and 

P is the pressure difference (where the pressure difference is the pressure sensed 
relative to a baseline level which may be either atmospheric pressure or PEEP, e.g. , 

P^-PEEPlevel). 

15 the summations of these cross-products are accumulated throughout the inspiratory and 
expiratory portions of the breath from which the real-time compliance and resistance are 
calculated. Thus, these calculations, which are computationally intensive, are computed 
real-time throughout the breath cycle using running summations. 

20 The determination of the compliance value is based upon the pressure, flow rate, 

and volume data samples sensed or measured by the pressure and flow rate sensors 100, 
90 for a complete breath from the beginning of inspiration to the end of expiration. The 
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inspiratory and expiratory resistance values are based upon based upon the pressure, flow 
' rate, arid' volume data samples Sensed or mfcasured by the pressure and flow-rate* sensors* 
100, 90 for the inspiratory and expiratory portions of the cycle, respectively. Assuming 
that the determined Crs for the whole breath is the same during inspiration and exhalation, 
5 then 

Rrs = [ ( EPV - EV 2 )/Crs ] /EVV. 

Basically, the least-squares method of determining Crs involves sampling pressure- 
10 volume data points over an entire breath cycle and then minimized the sum of the square 
measurement errors between the observed pressure- volume curve and a best fit pressure- 
volume curve using standard statistical analysis well known in the art. Rrs is then 
determined based on the equation above. Real-time analysis of Crs and Rrs provides a 
simple method of measuring respiratory system compliance during mechanical ventilation, 
15 thereby obviating the need for sedation / paralysis and modification of the patient's 
breathing pattern required by the end-inspiratory pause methodology. Determining Crs and 
Rrs on a real-time basis provides the benefits of knowing the physiological condition, in 
terms of compliance and resistance, of the patient's respiratory system at the moment of 
calculation, and reducing the drug and manpower costs of repeating the end-inspiratory 
20 pause methodology several times a day. 
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Next, in step 740, the work of breathing of the patient 10 is determined. Through 
the discovery that there is a highly predicti ve relationship between the average inspiratory 
muscle pressure (Pmus avgN (t)) and the work of breathing of the patient 10 (WOB), the 
resultant current value of the patient's average respiratory muscle pressure may then be 

5 correlated to the wprk of breathing of the patient 10, as shown in step 740, by applying the 
following predictive relationship: 

WOB = a + b (Pmus avgN (t)) + c (Pmus avgN (t)) 2 
where WOB is the work of breathing of the patient 10 in Joule/L, Pmus avgN (t) is the current 
value of the average respiratory muscle pressure of the patient 10 in cm H20, and a, b, and 

10 c are constants dependent upon experimental data. The work of breathing of the patient 
10 may then be recorded on a hard copy device such as a printer or may be visually 
displayed to the operator. The work of breathing of the patient 10 may also be stored in 
the memory 62 of the processor 60 for future use. 

15 As mentioned above, the methodology of the preferred means for determining the 

work of breathing of the present invention results from the discovery that the average 
respiratory muscle pressure of the patient 10 presents a strong correlation to the work of 
breathing of the patient 10. This discovery resulted from statistical analysis of the 
correlation between the average respiratory muscle pressure of the patient 10 on one hand, 

20 and the work of breathing obtained through conventional methodologies. 
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Twenty-two adults were intubated and mechanically ventilated. The Crs and Rrs 
* of the respiratory System were predetermined using the end-inspiratory pause procedure 
describe above. Data from a mainstream flow rate sensor, positioned between the 
proximal end 58 of the endotracheal tube 54 and the wye piece 48 of the ventilator conduit 
5 40, and a pressure sensor 100 positioned near the wye piece 48 and the distal end 56 of the 
endotracheal tube 54, were directed to a processor 60 such as illustrated in Fig. 2, for 
determination of the average respiratory muscle pressure of the patient 10 simultaneously 
with the actual work of breathing of the patient 10. 

10 To determine the actual work of breathing of the patient 10, a conventional work 

of breathing measurement technique known to those skilled in the art was used. A 
nasogastric tube with an incorporated esophageal balloon was inserted to measure intra 
esophageal pressure (Pes); correct position of the nasogastric tube was ascertained using 
the occlusion test. A second flow rate sensor was positioned in series between the 

15 endotracheal tube 54 and the wye piece 48 to measure the volume of the gas 32 at the 
proximal end 58 of the endotracheal tube 54 (Vao). Pes and Vao were directed to a 
respiratory monitor, a Bicore monitor, that provided real time measurement of the patient's 
total actual work of breathing using the Campbell diagram and commercially available 
Campbell diagram software (which plotted the change in volume plotted over Pes during 

20 spontaneous inhalation and exhalation of the patient 10, determined the flow resistive work 
of breathing and the elastic work of breathing of the patient 10, and summed the 
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determined flow resistive work of breathing and the elastic work of breathing to compute 
the total actual work of breathing of the patient 10). 

The following data were developed for each set of measurements: 
5 Pao(t): the pressure sense&proximate the pressure sensor, 

Vao(t): the tidal volume of the breathing gas 32 derived from the flow rate sensor, 
Vao(t): the flow rate of the breathing gas 32 proximate the flow rate sensor, 
baseline pressure: the baseline pressure of the ventilator 20 (i.e., atmospheric 
pressure or the PEEP of the ventilator 20); 
10 WOB: the actual total work of breathing of the patient 10; 

Pmus(t), from: 

Pmus(t) = Pao(t) - [(Vao(t) / Crs) - (Vao(t) x Rrs)] - baseline pressure; 
Pmus avg (t), from: 



15 Pmus av .(t) = J (Pmus(t))dt; 



°avg\ 

0 



where t = 0 at the beginning of inspiration and t = Tj at the end of inspiration; and 

20 

Pmus av85 (t), fr° m: 



>[ipmus ava (t)] 



Pmus avg5 (t) = 1/5 L Pmus avg (t)J 

25 breath = 1 

where Pmus avg5 (t) is the average respiratory muscle pressure over five serial breaths of the 
patient 10. 

30 
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The results of a correlation analysis of Pmus avg5 (t) and WOB for each of the 
measuredsets of data showed a positive arid significant correlation befweeh Pmus av ^(t) and* 
WOB. The regression analysis fields the following predictive polynomial relationship: 
WOB = a + b (Pmus avg5 (t)) + c(Pmus avg5 (t)) 2 

5 where WOB is the work of breathing of the patient 10 in J/min, Pmus avgN (t) is the current 
value of the average respiratory muscle pressure of the patient 10 measured over a serial 
five breath time period, and a, b, and c are constants, the value of which depends upon the 
experimental data. For example, referring to the experimental plot illustrated in Fig. 10, 
the experimental data points representative of the twenty-two measurements taken on the 

10 patients 10, using the average respiratory muscle pressure derived from a serial five breath 
average are shown against an x-axis representative of average respiratory muscle pressure 
Pmus avg5 (t) (cm H20) and a y-axis representative of the WOB simultaneously derived 
using the conventional methodology described above. Statistical analysis yielded curve 
having the constant values for the predictive relationship of: 

15 a = -0.075; 
b = 0.1; and 
c = 0.004. 

Still referring to Fig. 10, the positive and significant correlation between Pmus and 
20 WOB of the patient 10 (r = 0.95) indicates that the current value of average respiratory 
muscle pressure Pmus avgN (t) from the sensed flow rate and pressure of the breathing gas 32 
is a good predictor of the work of breathing of the patient 10 (r = 0.90). 
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It must be emphasized that the above equations are merely exemplary and represent 
" the best correlations/predictions obtained by regression analysis, using an alpha set at 0.05 
for statistical significance, on a limited set of patients 10 thus providing only a limited set 
of measurements. The measurements were made under clinical conditions and no attempt 
5 was made to select the best data or to determine the reason for readings that departed 
significantly from the average value. In addition to obtaining larger and more carefully 
controlled data samples, it is probable that the predictive equation could be further 
improved by using more sophisticated analysis. 

10 The above results demonstrate, however, that the determination of the average 

respiratory muscle pressure of the patient 10 may provide a simple and easy method for 
predicting the measured level of the work of breathing of the patient 10. 

Tracheal Pressure Ventilator Control 

15 

Fig. 10 shows a second embodiment of a medical ventilator 20 of the present 
invention . The construction of the second embodiment is similar to the first embodiment 
and, accordingly, use the same reference numbers for similar components. The 
components in Fig. 10 that use the same reference numbers as in Figs. 1-2 are substantially 
20 equivalent and, therefore, the description thereof is omitted for the second embodiment. 
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During spontaneous or assisted ventilation, the patient 10 is required to "work" ( 
"to varying degrees) by using the respiratory musses m order to breath. This work of 
breathing of a patient 10 breathing spontaneously during ventilatory support by a medical 
ventilator 20 may be divided into two components: first, the imposed work of breathing 
5 of the breathing apparatus; and second, the physiologic work of breathing of the patient 10. 
The imposed work of breathing is the resistive work of breathing imposed by the breathing 
apparatus (the physical construct of the entire ventilation support external to the patient' 
lungs 14, i.e., the endotracheal tube 54, the ventilator conduit 40, the medical ventilator 20, 
etc.) upon the spontaneously breathing patient 10 receiving ventilator support. The 
10 physiologic work of breathing of the patient 10 consists of two components: first, the 
resistive work of breathing of the airways of the patient 10, and two, the elastic work of 
breathing of the lungs 14 and the chest wall. It is desirable to reduce or, even more 
desirable, to nullify the imposed work of breathing as the patient 10 may be detrimentally 
affected by an excessively high expenditure of energy early in the inspiration process 
15 caused by the respiratory muscle force required to overcome the imposed work of 
breathing of the breathing apparatus. Patient's may fatigue under the imposed work of 
breathing workload which predisposes the patient 10 to respiratory muscle fatigue, 
respiratory distress, respiratory or ventilator dependancy, and/br failure. Nullification of 
the imposed work of breathing also allows for the contemporaneous determination of the 
20 physiologic work of breathing. 
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Conventional™^ 

' of breathing are m'adequak Typicaily. lh^ conventional efforts tely *pon a means of ; 
"triggering" the ventilator 20 to supply inspiratory ventilation support upon the sensing of 
an inspiration effort. The conventional means for triggering the ventilator 20 may be 

5 dassifieda^ fo conventional pressure triggering, the 

withdrawal of the small volumeof gas 32thatoccurs as abreath is initiated by the patient 
lOresultsinacorrespondingdropinpressurewhichismonitoredviaap 

is typically disposed within the ventilator conduit 40 at or near the wyepiece 48 or within 
eitherthe inhalation conduit42or the exhalation conduit45. At the onset of spontaneous 

10 inhalation by the patient 10, the pressure change is detected at the pressure sensor which 
functions to trigger the ventilator 20 "ON" to then actively inflate the lungs 14 of the 
patient 10 during ventilation support. Several disadvantages are associated with the use 
of conventional pressure triggering to reduce the imposed work of breathing. First, the 
chosen pressure measurement sites produce a pressure signal that measures the pressure 
15 of the breathing gas 32 proximate the pressure sensor which is remote from the actual 
intratracheal pressure drop occurring within the patient's trachea during initiation of the 
spontaneousmhalationeffo^ 

asabasisfor regulating or controlling the amount of pressure or flow rate (to generate the 
requisite pressure) of breathing gas 32 applied to the lungs 14. Because the chosen sites 
20 aresoremotefrommelungsl4ofmepatientl0,meresultingpressu re 

an inherently inaccurate measurement of the pressure on the airways and lungs 14 of the 
patient 10 which causesamarked increase in the effort orwork to inhale by the patient 10 
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as the regulated amount of breathing gas 32 applied to the patient 10 is calculated in error 
due to the "approximated" value of the pressure drop sensed. 

Second, and once again because of the remote pressure sensing measurement sites, 
5 in conventional pressure trigg^^^ 

negative pressure that always occurs between the onset of the patient's inspiratory effort 
and the time that the gas pressure or flow reaches the patient's airway. This lag time is 
generally referred to as a ventilator's response time, and commonly occupies a small by 
significant portion of a patient's total inspiration time. The pressure waves that are 
10 indicative of the pressure drop travel to the pressure sensor at the speed of sound in the 
breathing gas 32, which is approximately 1 millisecond per foot. Due to factors inherent 
in conventional ventilator design and the prior art locations of the pressure sensing site, the 
resulting patient inspiration effort can typically continue for as long as 40 to 500 
milliseconds without ventilator assistance. Thus, under the conventional pressure drop 
15 triggering schemes, the pressure drop, which a patient 10 is required to create in order to 
triggerabreathinaclosedbreathingcircuit, can require a significant expenditure of energy 
by the patient 10. This imposed work of breathing on the patient 10 can be detrimental in 
that respiratorymuscles already loaded and nearly fatigued by an operation or other patient 
conditions may continue to fatigue, which, if this process continues, may result in the 
20 failureorseverecompromiseoftheventilationsupportprocedure. Additionally, the forced 
respiratory work required to trigger ventilation may be beyond the capacity of infants, 
small children, or patients' suffering from trauma or disease. 
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mnow-bytriggering, the signal tocycleW the ventilator 20 to deliver pressure 
' orflowsupportofapatient'sinhalationeffortisdetermined ' 
patient's ventilator conduit 40 or inside the ventilator 20. In such a system, a single flow 
ratesensoristypicallypositionedinsidethe ventilator 20 to monitor the flow of gas 32 that 
5 apatiem 10 withdraws from the ventilator 20 via the ventilator conduit 40 and triggersa 
pressure or flow based breath support when the patient's inspiratory flow equals a certain 
level. However, such a closed system flow based trigger is not an improvement over a 
conventional pressure triggering system, because all of the same delays and work required 
of the patient 10 (i.e., imposed on the patient 10) are still present. In addition, a signiflcant 
,0 negative pressure drop is still required to start the breath and there is no continuous flow 
to support the earliest phase of the breath. Significantly, even if there were some form of 
continuous flow to support the earliest phase of the breath in an effort to minimize the 
imposed work of breathing required of the patient 10 to cause the requisite negative 
pressure drop, the remote location of the flow rate sensor would still cause inappropriate 
15 applicationofthepressureorflowbasedbreathsupportduetotheinherentinadequacyof 

the measurement site. Therefore, in conventional triggering means developed to minimize 
the imposed work of breathing of the patient 10, the patient 10 must still overcome the 
substantial resistance andinerUaofmebreamtriggeringprocess. Thesecondembodiment 
of the present invention overcomes the prior art limitations, and due to the diminimus 
20 response time, aids in reducing and effectively nullifying the imposed work of breathing 
of the patient 10. 
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Referring now to Fig. 10, the second embodiment of the present invention is 
shown. The second embodiment of the present, invention' is' directed to the tracheal 
pressure ventilation control of a medical ventilator 20 for supplying a breathing gas 32 for 
use in a medical procedure, such as ventilation support. The breathing gas 32 is received 
5 jntomemedicalventilator20fromagassource30ofoneormorebreathinggases32and 

the gas 32 exits the ventilator 20 in flow communication with a functionally open 
ventilator conduit 40. The ventilator conduit 40 has a patient breathing attachment 50, 
preferably an endotracheal tube 54, in fluid communication with the interior, i.e., the lungs 
14 and airways, of the patient 10. 

10 

The pressure sensing means is disposed within the flow path of the gas 32 within 
the endotracheal tube 54. More particularly, in this embodiment, the pressure sensing 
means is preferably disposed near or proximate the distal end 56 of the endotracheal tube 
54. The pressure sensing means may be the means described above in the first 

15 embodiment above. However, it is preferred that the pressure is sensed using a catheter, 
well known to one skilled in the art, inserted within the endotracheal tube 54 [not shown]. 
The catheter has a distal end that is proximate the distal end 56 of the endotracheal tube 
54. It is more particularly preferred that the pressure sensing means be a pressure sensor 
100, such as a piezoresistive pressure sensor, embedded in the inner sidewall of the 

20 endotracheal tube 54 proximate the distal end 56 of the endotracheal tube 54 [not shown]. 
The pressure sensor 100 is in communication with the flow of gas 32 within the 
endotracheal tube 54. For example, the preferred pressure sensor 100 may be comprised 
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ofadi^W.cn^h^tt.b.proviWbyMallinckrod.Cn^C^havingap^™ 

distal end 56 of the endotracheal tube 54. 

5 This position of the pressure sensor 100 allows the ventilator 20 to respond faster 

to breathing gas pressure changes and to provide a mote accurate sensingof the breathing 
gaspressure wi*in slower end of a patienfs«achea proximate the alveoli of the lungs 
14 of the patient 10. Therefore the ventilator 20, due to the virtual elirninauon of the lag 
time inherent in the transmittal of the requisite pressure waves and the resulting minimal 
,0 ven n latorresponse.im.and*er*>reac^ 

within the patient's lungs 14 resulting from the measurement of the gas pressure a. the 
preferred distal end 56 of the endotracheal tube 54, may respond quickly and accurately to 
breathing gas pressure changes which nullifies the imposed work of breathing of the 
breathing apparatus. 

15 

The monitoring means, such as a processor 60 or the preferred microprocessor 60, 
isconnectedto^^ 

the pressure sensingmeans and is responsive to the output of the pressure sensing means. 
The monitoring means compares the output of the pressure sensing means to a 
20 predeterminedbaseline pressure, which is inputted by the operating clinician and stored 
in memory 62, and, if it is determined that the pressure of the gas 32 proximate the 
pressure sensing means is below the predetermined baseline pressure, generates a pressure 
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re sponsesign^ 

that the pressure of the gas'32 proximate the pressure sensing means exceeds" the' • 
predetermined baseline pressure, the monitoring means generates a termination signal 

thereof. 

As one skilled in the an will appreciate, the regulating means of the ventilator 20, 

,„ regulate the pressure and/or now rate of the breathing gas 32 provided ,0 the patient 10 
so that the pressure of the breathing gas 32 near the distal end 56 of the endotracheal tube 
,0 54ismaintain M ia,*.p re de t enninedbase U nepressure. The regulating means, in response 
, 0 the pressure response signal, adjusts a, leas, on. of the actuators 26 of the gas delivery 
means, as necessary, to increase the pressure and/or flow rate of the breaming gas 32 
delivered by the ventilator 20 so mat the pressure of the gas 32 proximate the distal end 56 
„, the endotracheal tube 54 is maintained at the predetermined baseline pre, sure. 

o,^.«^26-d-I-d^«-■-^•» d ^ to, ^ ,,, *" 

flow ra .e of the breathing gas 32 delivered by the ventilator 20 so thatthe pressure of the 
gas 32 proximate the distal end 56 of the endotracheal tube 54 is maintained a. the 
predetermined baseline pressure. Thus, the regulating means, which is responsive ,o the 
20 pressure response signal and the termination signal of the monitoring means, adjusts at 
leas, one of the actuators 26 of the pneumatic system 22 of the ventilator 20 so mat the 
output pressure of the breathing gas 32 exiting from the distal end 56 of the endotracheal 
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^ 54 is maintained « the predetermined baseline pressure. Pretty, the regulating 

■ n^isautomaacaHyand,^^ ' 
soU,atU 1 ep^u re ofd,eb re ad»nggas32p ro x i n« tt U«di^end56ofU,eendo^ 

tube 54 is maintained at the predetermined baseline pressure. 

5 

BecauseoftheabimyofftemedicalventilatorZOofftesecondembodimentofute 
present invention to precise., contro. the pressure of me breathing gas 32 proximate 
distal end 56 of the endotracheal tube 54 and to thereby nullify the imposed work of 
breathing, the ase of the trachea! pressure ventilation control embodiment need no. be 
,0 restricted to present ventilatory support technique, In fact, i, is expected that the 
ventilator 20 of the second embodiment of the present invention will assist physicians to 
develop completely new ventilatory support techniques. 

m an effort to reduce both the patient's work of breathing to susuin a bream and 
15 to minimize the imposed work of breathing required by the patient 10 to Bigger the 

,evel of work or effort by the patient 10ca„ cause tamer damage to » weakened patient 

20 cn^y^*^™"^^™^^^™*'** 
matmeclimciandesirestouseto^^ 

Thus,ti«f.membc<Un^tof.hev=ntila.or20maybeusedco„currentiywi.hmetiacheal 
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pressure ventilation control of the second embodiment of ventilator 20. While both the 
first embodiment and the second embodiment discuss'ed herein are' separately helpful in 
reducing the work to be performed by the patient 10 on the ventilator 20, it would be 
desirable to provide a ventilator 20, or ventilator system, that combined the work of 
5 breathing reduction concepts inherent in the first and seeond embodiments, to thereby 
enable the ventilator 20 to manage all phases of the energy expended by the patient 10. 
Such a level of performance is unavailable in current ventilators. 

As discussed above in the first embodiment, the work of breathing of the patient 
10 10 is monitored and the pressure support ventilation level that will maintain the patient's 
workofbreathingwiminapredeterrmnedworkofbrea^ 

the pressure support ventilation level is set by the operating clinician, in the open-loop 
operation, or the pressure support ventilation level is controlled and set automatically by 
the ventilator 20 without operator required intervention, in the closed-loop operation. By 

1 5 setting the advised level of pressure support ventilation, the ventilator 20 improves the 
patient's efforts to breath by reducing the work to sustain a breath to the level of work 
desired by the clinician. In effect, the patient's work of breathing to sustain a breath is 
reduced because the appropriate quality and quantity of ventilation support is supplied to 
the patient 10 based on the patient's current pathophysiology. In the second embodiment, 

20 however, the pressure of the breathing gas 32 proximate the distal end 56 of the 
endotracheal tube 54 is monitored and controlled in real time to a defined set point to 
nullify the imposed work of breathing: The pressure sensor 100 is used as a pressure 
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feedback loop that will modulate the pressure or the total flow rate of the breathing gas 32 
' supplied by the "ventilator 20 to maintain the pressure of the breathing gas 32 exiting the 
distal end 56 of the endotracheal tube 54 at the predetermined baseline pressure. 



5 As will be noted, many components of the second embodiment are similar to those 

for the first embodiment with the significant differences being the pressure sensor 100 is 
disposed proximate the distal end 56 of the endotracheal tube 54 and the flow rate sensor 
90 is not required. If, however, the first embodiment of the ventilator 20 is used 
simultaneously with the second embodiment, the only significant difference, as would be 

10 apparent to one skilled in the art, is that the pressure sensor 100 of the first embodiment 
must be disposed proximate the distal end 56 of the endotracheal tube 54. 



If desired, the work of breathing of the patient 10 may be determined by any means 
known in the art such as the means described above in the first embodiment. However, 

15 when the second embodiment of the ventilator 20 is used, the work of breathing 
determined will be the physiologic work of breathing of the patient 10 as the imposed work 
of breathing would have been nullified by the ventilator 20. As one skilled in the art would 
appreciate, by nullifying the imposed work of breathing and allowing the measurement of 
the physiologic work of breathing of the patient 10, the simultaneous use of the second 

20 embodiment of the ventilator 20 with the first embodiment of the ventilator 20 allows the 
operator to maintain the level of pressure support ventilation that will maintain the 
physiologic work of breathing of the patient 10 within the predetermined work of breathing 
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range. The combination of the first embodiment of the ventilator 20 and the tracheal 
* pressure ventilation control of the second embodiment 6f the ventilator 20 described herein 
for concurrent operation thus yields a ventilator 20 with an enhanced ability to minimize 
the work of breathing of the patient 10 in all phases of the ventilatory support cycle, with 

5 the corresponding therapeutic effects upon the patient 10, by more accurately responding 
to the patient's actual pathophysiology to beneficially reduce both the work required to 
sustain a breath and the work required to trigger the ventilator support selected. As one 
skilled in the arts would appreciate, a ventilator would be enhanced, and the overall work 
of breathing of the patient 10 reduced, through the concurrent use of the second 

10 embodiment of the present invention, tracheal pressure ventilation control, and any other 
pressure support mode selected by the clinician for spontaneous or assisted ventilation of 
the patient 10. 

Referring now to Fig. 11, the second embodiment of the ventilator 20 relates to a 
1 5 method of controlling, for any selected period of time, the ventilator 20 for nullifying the 
imposed work of breathing during the ventilation of a patient 10 supplied with a breathing 
gas 32 from the medical ventilator 20, the gas 32 being pressure and/or flow rate controlled 
by the ventilator 20, comprising the steps of: delivering the breathing gas 32 from the 
ventilator 20 into the endotracheal tube 54 and thence into fluid communication with the 
20 lungs 1 4 of the patient 1 0 in step 1 100; sensing the pressure of the breathing gas 32 within 
the endotracheal tube 54, particularly sensing the pressure of the breathing gas 32 in the 
flow path of the breathing gas 32 within the endotracheal tube 54 proximate the distal end 
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56 of the endotracheal tube 54 in step 1 1 10; monitoring the pressure of the breathing gas 
32 from the sensed pressure to determine when the pressure of the breathing gas 32 " 
proximate the distal end 56 of the endotracheal tube 54 deviates from a predetermined 
baseline pressure in step 1 120; regulating the breathing gas 32 supplied by the medical 

5 ventilator 20 when it is determined that the pressure of the breathing gas 32 proximate the 
distal end 56 of the endotracheal tube 54 is less than the predetermined baseline pressure, 
preferably by controlling the ventilator 20 to increase the pressure and/or flow rate of the 
breathing gas 32 supplied by the ventilator 20 in step 1 130; and restoring the breathing gas 
32 supplied by the ventilator 20 to the predetermined baseline pressure prior to the next 

10 inhalation effort of the patient 10, preferably by controlling the ventilator 20 to decrease 
the pressure and/or flow rate of the breathing gas 32 supplied by the ventilator 20 when it 
is determined that the pressure of the breathing gas 32 proximate the distal end 56 of the 
endotracheal tube 54 is greater than the predetermined baseline pressure in step 1 140 . 
Preferably, the steps of regulating and restoring the ventilator 20 are automatically and 

15 proportionally controlled so that the pressure of the breathing gas 32 proximate the distal 
end 56 of the endotracheal tube 54 is maintained at the predetermined baseline pressure. 
The ventilator 20 continues to execute until reset in step 1 1 50. The ventilator method may 
also include the step of inputting a predetermined baseline pressure prior to the step of 
delivering the gas 32. 

20 

The method may also include the further step of determining the patient physiologic 
work of breathing. As noted above, this may be done by any method known in the art. 
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However, if the surrogate method of determining the work of breathing of the patient 10 
described in the first embodiment above is used, the method requires the steps of sensing 
the flow rate of the breathing gas 32 in the ventilator conduit 40 and of determining the 
patient physiologic work of breathing from the sensed pressure and the sensed flow rate 
5 of the breathing gas 32 by the steps described in the first embodiment above. 

Referring now to Fig. 12, a general flowchart for the second embodiment of the 
present invention is illustrated. The flow chart shows a "while" loop that may be used 
singularly or in combination with any type of ventilatory support technique to nullify the 

10 imposed work of breathing. The "while" loop continues to execute as long as the 
ventilator 20 is not reset. At Block 1200, the predetermined baseline pressure is selected. 
At Block 1210, the selected predetermined baseline pressure may be checked to verify their 
physiological acceptability. If the baseline pressure is not acceptable, Block 1220 sends 
an error message that is displayed via the alarm means and/or the display means to warn 

15 the clinician of the problem. If the baseline pressure is acceptable, then the tracheal 
pressure ventilation control is initialized when ventilator support is provided to the patient 
10 at Block 1230. At Block 1240, the pressure of the gas 32 proximate the distal end 56 
of the endotracheal tube 54 is monitored. At Block 1250, it is determined if the pressure 
of the gas 32 proximate the distal end 56 of the endotracheal tube 54 is greater than or less 

20 than the predetermined baseline pressure and the magnitude of the pressure deviation from 
the predetermined baseline pressure is determined. Then, at Block 1260, the control 
algorithms of the ventilator 20 automatically and proportionally tries to maintain the 
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pressure proximate the distal end 56 of the endotracheal tube 54 at the predetermined 
" " * baseline pressure. The program continues to operateufttil it is reset at Block 1270/ 

Although the present invention has been described with reference to specific details 
5 of certain embodiments thereof, it is not intended that such details should be regarded as 
limitations upon the scope of the invention except as and to the extent that they are 
included in the accompanying claims. 
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What is claimed is: 

1. A medical ventilator having a selectable pressure support ventilation level for 
providing pressure support ventilation to a patient supplied with a breathing gas from the 
medical ventilator, the gas being received into the medical ventilator from a gas source of 
one or more breathing gases and the gas exiting the medical ventilator being in flow 
communication with a functionally open ventilator flow conduit having a patient breathing 
attachment in fluid communication with the lungs of the patient, the medical ventilator 
comprising: 



a) pressure sensing means disposed within the ventilator conduit for sensing the 
pressure of the gas within the ventilator conduit; 



b) flow rate measuring means disposed within the ventilator conduit for 
measuring the flow rate of the gas within the ventilator conduit; 

c) monitoring means connected to the pressure sensing means and the flow rate 
measuring means for monitoring a patient work of breathing; and 



d) 



gas delivery means for pressure and/or flow rate controlling the gas so that 
the gas is delivered to the patient at a selected pressure support ventilation 
level. 
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2. The medical ventilator of Claim 1 , wherein the monitoring means detects when the 
• • patient work of breathing is not within a predetermined work of breathing range and 

generates a response signal thereof. 

3. The medical ventilator of Claim 1, wherein the monitoring means, responsive to 
the flow rate measured by the flow rate measuring means, determines a measured tidal 
volume of the breathing gas. 

4. The medical ventilator of Claim 3, wherein the monitoring means, responsive to 
the measured tidal volume of the gas in the ventilator conduit, the flow rate of the gas in 
the ventilator conduit, and the pressure of the gas in the ventilator conduit sensed by the 
pressure sensing means, determines an average respiratory muscle pressure of the patient, 
and wherein the monitoring means, responsive to the determined average respiratory 
muscle pressure, determines the patient work of breathing. 

5. The medical ventilator of Claim 2, further comprising alarm means responsive to 
the response signal to generate an alarm suitable for alerting an operator that the patient 
work of breathing is not within the predetermined work of breathing range. 



6. The medical ventilator of Claim 2, further comprising a regulating means 
connected to the monitoring means and the gas delivery means, the regulating means 
responsive to the response signal of the monitoring means to control the gas delivery 




! 

;j 

means so that the selected pressure support ventilation level of the gas supplied to the i 
patient i& regulated in response to the* monitoring means. * .... ...... 

7. The medical ventilator of Claim 6, wherein the gas delivery means comprises a 
pneumatic system having at least one electrically coupled actuator, in fluid communication 

with the gas source for regulating the pressure and/or flow rate of the breathing gas so that | 
the breathing gas may be delivered to the patient at the selected pressure support f 
ventilation level. 

8. The medical ventilator of Claim 7, wherein the regulating means comprises at least 
one driver circuit electrically coupled to the monitoring means and to each actuator, 
wherein the driver circuit adjusts the actuator based on electrical signals received from the 
monitoring means, thereby varying the pressure and/or flow rate of the breathing gas so 
that the selected pressure support ventilation level is supplied to the patient. 

9. The medical ventilator of Claim 6, wherein the regulating means, in response to the 
response signal of the monitoring means, adjusts the selected pressure support ventilation 
level of the ventilator. 

10. The medical ventilator of Claim 9, wherein the regulating means, in response to the 
response signal of the monitoring means: 
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a) increments the selected pressure support ventilation level of the medical 
• ■ ■ : Ventilatorif the patient work" of breathing is 'greater than the predetermined 

work of breathing range; or 

b) decrement the selected pressure support ventilation level of the medical 
ventilator if the patient work of breathing is less than the predetermined 
work of breathing range. 

1 1 . The medical ventilator of Claim 9, wherein the monitoring means detects when the 
patient work of breathing is within the predetermined work of breathing range and 
generates a level signal thereof. 

12. The medical ventilator of Claim 11, further comprising a display means for 
displaying the selected pressure support ventilation level in response to the level signal so 
that the operating clinician is advised of the selected pressure support ventilation level that 
will maintain the patient work of breathing within the predetermined work of breathing 
range. 

13. The medical ventilator of Claim 12, wherein the monitoring means stores an initial 
value of the selected pressure support ventilation level so that the initial value of the 
selected pressure support ventilation level prior to adjustment of the selected pressure 
support ventilation level is stored, and wherein the regulating means, responsive to the 
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level signal generated by the monitoring means, adjusts the selected pressure support 
• ventilation level of the ventilator So that the selected pressure support ventilation levelis * • 
adjusted to the initial value of the selected pressure support ventilation level. 

14. the medical ventilator of Claim 1, wherein the pressure sensing means and the 
flow rate measuring means are disposed in the flow path of the gas within the ventricular 
conduit. 

15. A method of providing pressure support ventilation to a patient supplied with a 
breathing gas from a medical ventilator having a selectable pressure support ventilation 
level, the gas being received into the medical ventilator from a gas source of one or more 
breathing gases, and the gas exiting the medical ventilator being in flow communication 
with a functionally open ventilator flow conduit having a patient breathing attachment in 
fluid communication with the lungs of the patient, wherein the gas is pressure and/or flow 
rate controlled by the medical ventilator, the method comprising the steps of: 

a) delivering the breathing gas from the ventilator to the patient breathing 
attachment at a selected pressure support ventilation level; 



sensing the pressure of the breathing gas within the ventilator conduit and 
generating a pressure signal representative of that pressure; 
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c) measuring the flow rate of the breathing gas within the ventilator conduit and 
•*• • • • generating a flow signal representative of that flow fate; 

d) processing the flow signal and the pressure signal to determine the patient 
. work of breathing; and 

e) monitoring the patient work of breathing. 

16. The method of Claim 15, wherein the step of monitoring comprises determining 
when the patient work of breathing is not within a predetermined work of breathing range. 

17. The method of Claim 16, and further comprising the step of generating an alarm 
when it is determined that the patient work of breathing is not within the predetermined 
work of breathing range. 

18. The method of Claim 16, and further comprising the step of controlling the selected 
pressure support ventilation level of the ventilator when it is determined that the patient 
work of breathing is not within the predetermined work of breathing range. 

19. The method of Claim 18, wherein the step of controlling the pressure support 
ventilation level of the ventilator further comprises the steps of: 
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a) incrementing the selected pressure support ventilation level of the ventilator 

if the patient work of breathing is greater than the predetermined work of breathing range; • 
and 

b) decrementing the selected pressure support ventilation level of the ventilator 
if the patient work of breathing is less than the predetermined work of breathing range. 

20. The method of Claim 18, further comprising the steps of: 

a) prior to the controlling step, storing an initial value of the selected pressure 
support ventilation level; 

b) displaying the selected pressure support ventilation level, as a target pressure 
support ventilation level, to the operator when the patient work of breathing is within the 
predetermined work of breathing range; and 

c) restoring delivery of the breathing gas to the patient to the stored initial value 
of the selected pressure support ventilation level when the patient work of breathing is 
within the predetermined work of breathing range. 

21. The method of Claim 18, further comprising the step of displaying the selected 
pressure support ventilation level to the operator when the patient work of breathing is 
within the predetermined work of breathing range. 




WO 00/45880 



PCT/US00/02669 



80 



22. The method of Claim 15, further comprising the step of displaying the determined 
• * work bf breathing to the operator. * 

23. The method of Claim 15, wherein the step of sensing the pressure of the gas is 
performed in the flow path of the gas within the ventilator conduit; and wherein the step 
of sensing the flow rate of the gas is performed in the flow path of the gas within the 
ventilator conduit. 

24. The method of Claim 15, wherein the step of measuring the flow rate of the gas 
exhaled by the patient comprises continuously measuring the flow rate of the breathing gas 
during an inhalation and exhalation effort by the patient. 

25. The method of Claim 15, wherein the step of sensing the pressure of the gas 
comprises continuously sensing the pressure of the breathing gas during an inhalation and 
exhalation effort by the patient. 

26. The method of Claim 15, wherein the step of processing comprises the steps of: 



a) extracting a measured tidal volume of the breathing gas from the flow signal; 



b) calculating a real-time respiratory muscle pressure according to: 
Pmus(t) = P ao(l) - [(V a0(t) / Crs) - (V^ x Rrs)] - Baseline Pressure 
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wherein, 

Pmus(t)== the real-time respiratory muscle pressure;- ' * * • 

P iK)(l) = the pressure sensed; 

= the flow rate sensed; 

= ,h Q extracted tidal volume; 
C RS = the measured predetermined compliance of the respiratory system; 
R KS = the measured predetermined resistance of the respiratory system; 
Baseline Pressure = the measured predetermined baseline pressure of the ventilator 
system; and 

t = time during the inspiration phase where the pressure and flow rate are sensed 
and/or measured; 



c) calculating an average respiratory muscle pressure for the inspiratory period 
of a single breath according to: 

Pmus avg (t) = J (Pmus(t))dt; 
o 

wherein: 

Pmus avg (t) = the average respiratory muscle pressure of the patient during inhalation 
of a single breath; 

t — 0 is the beginning of inspiration by the patient 10; and 
Tj = is the end of inspiration of a single breath; 
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d) calculating an average respiratory muscle pressure for the patient over a serial 
• •* • • - • number of breaths according to:* • • * • • • 

Pmus avgN (t) = 1/N [ Pmus avg (t)l 

breaths I 

wherein: 

Pmus avgN (t) = the average respiratory muscle pressure of the patient over a serial 
number of breaths; and 

N = the number of serial breaths; and 

e) determining the patient work of breathing from the calculated average 
respiratory muscle pressure (Pmus avgN (t)). 

27. The method of Claim 26, wherein the selected number of serial breaths is five so 
that the determined average respiratory muscle pressure is a serial five breath average. 

28. The method of Claim 26, wherein the step of determining the patient work of 
breathing is determined according to: 

WOB = -0.075 + 0.1 (Pmus avgN (t)) + 0.004(Pmus avgN (t)) 2 

wherein Pmus av N (t) = average respiratory muscle pressure; and 
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WOB = the patient work of breathing. 
• . * . . • •• . ■ * • " ... . . 

29. A medical ventilator for providing pressure support ventilation of a patient, the 
medical ventilator comprising: 

a gas source of one or more breathing gases in flow communication with the 
medical ventilator; 

a ventilator flow conduit in flow communication with the medical ventilator and 
in fluid communication with the lungs of a patient; 

a pneumatic system having at least one actuator for controlling the pressure/flow 
rate of the breathing gas so that a selected pressure support ventilation level of pressure 
support ventilation is provided to the patient; 

a pressure sensor disposed in the ventilator flow conduit which senses the pressure 
of the breathing gas proximate the pressure sensor and which provides a pressure signal 
representative of that pressure; 

a flow rate sensor disposed in the ventilator flow conduit which senses the flow rate 
of the breathing gas within the ventilator flow conduit and which provides a flow signal 
representative of that flow rate; 
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a microprocessor for controlling the selected pressure support ventilation level of 
the" ventilator, the microprocessor being electrically coupled to the output of the pressure 
sensor and flow rate sensor, wherein the microprocessor determines a work of breathing 
of the patient, compares the work of breathing to a predetermined work of breathing range, 
generates a response signal based on the comparison* and communicates the response 
signal to at least one of the actuators of the pneumatic system so that the selected pressure 
support ventilation level of the ventilator is adjusted to bring the work of breathing of the 
patient within the predetermined work of breathing range. 

30. The medical ventilator of Claim 29, wherein the microprocessor generates the 
response signal when the patient work of breathing is not within the predetermined work 
of breathing range. 

3 1 . The medical ventilator of Claim 29, further comprising an audible and/or visible 
alarm that, in response to the response signal, generates an alarm suitable for alerting an 
operator that the patient work of breathing is not within the predetermined work of 
breathing range. 

32. The medical ventilator of Claim 29, wherein the actuator, responsive to the 
response signal: 



WO 00/45880 PCT/US00/02669 

85 



a) increments the selected pressure support ventilation level provided by the 
• • ventilator if the patient work of breathing is greater than the predetermined 

work of breathing range; or 

b) decrements the selected pressure support ventilation level provided by the 
ventilator if the patient work of breathing is less than the predetermined work 
of breathing range. 

33. The medical ventilator of Claim 29, wherein the microprocessor detects when the 
patient work of breathing is within the predetermined work of breathing range and 
generates a level signal thereof. 

34. The medical ventilator of Claim 33, wherein the microprocessor, in response to the 
level signal, stores the selected pressure support ventilation level as a target pressure 
support ventilation level. 

35. The medical ventilator of Claim 34, wherein the microprocessor, in response to the 
response signal, stores an initial value of the selected pressure support ventilation level so 
that the initial value of the selected pressure support ventilation level prior to adjustment 
is stored, and wherein the actuator, responsive to the level signal, adjusts the selected 
pressure support ventilation level of the ventilator of the gas provided to the patient back 
to the initial value of the selected pressure support ventilation level. 
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36. The medical ventilator Claim 29, wherein the microprocessor: 

a) extracts and stores a measured tidal volume of the breathing gas from the 
flow signal; 

b) determines and stores a real-time respiratory muscle pressure (Pmus(t)) of the 
patient from the stored measured tidal volume, the stored inspiratory flow rate 
sensed, and the stored pressure sensed; 

c) calculates an average respiratory muscle pressure for the inspiratory period 
of a single breath (Pmus avg (t)) from the stored real-time respiratory muscle pressure 
(Pmus(t)); 

d) calculates an average respiratory muscle pressure of the patient (Pmus avgN (t)) 
from the stored Pmus avg (t) over a serial number of breaths; and 

e) determines the patient work of breathing (WOB) from the calculated average 
respiratory muscle pressure (Pmus N (t)). 



37. The medical ventilator of Claim 29, further comprising a first digitizer which 
receives the flow signal from the flow sensor and converts the flow signal into a digitized 
flow signal which is received by the microprocessor and a second digitizer which receives 
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the pressure signal and converts the pressure signal into a digitized pressure signal which 
" *is received by the micropfdcessor/ * * 

38. The medical ventilator of Claim 37, wherein the flow sensor continuously senses 
the flow rate; of the breathing gas and the first digitizer continuously converts the flow 
signal into the digitized flow signal, and wherein the pressure sensor senses the pressure 
of the breathing gas continuously and the second digitizer continuously converts the 
pressure signal into the digitized pressure signal. 

39. The ventilator of Claim 36, wherein the microprocessor further comprises a 
memory means for storing at least one of : the signal data; the determined tidal volume, 
Pmus(t), Pmus avg (t), Pmus avgN (t), the work of breathing of the patient, the selected pressure 
support ventilation level, the target pressure support ventilation level, and the initial value 
of the selected pressure support ventilation level. 

40. The ventilator of Claim 36, further comprising a monitor for displaying at least one 
of: the signal data, the determined tidal volume, Pmus(t), Pmus avg (t), Pmus avgN (t), the work 
of breathing of the patient, the selected pressure support ventilation level, the target 
pressure support ventilation level, and the initial value of the selected pressure support 
ventilation level for concurrent review by an operator of the system. 
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5 Background of the Invention 

Field of the Invention: 



The present invention relates to the respiratory care of a patient and, more 
10 particularly, to a ventilator that monitors the pressure and flow rate of the breathing gas 
supplied to and exhaled from the patient, advises the operating clinician regarding the 
appropri ate quality and quantity of ventilation support corresponding to the patient's needs, 
and, alternatively, controls the pressure and/or flow rate of the breathing gas supplied by 
the ventilator to provide the appropriate quality and quantity of ventilation support to the 
15 patient to maintain a desired work of breathing level in the patient. 



Prior Art: 

Mechanical ventilatory support is widely accepted as an effective form of therapy 
and means for treating patients with respiratory failure. Ventilation is the process of 

20 delivering oxygen to and washing carbon dioxide from the alveoli in the lungs. When 
receiving ventilatory support, the patient becomes part of a complex interactive system 
which is expected to provide adequate ventilation and promote gas exchange to aid in the 
stabilization and recovery of the patient. Clinical treatment of a ventilated patient often 
calls for monitoring a patient's breathing to detect an interruption or an irregularity in the 

25 breathing pattern, for triggering a ventilator to initiate assisted breathing, and for 
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interrupting the assisted breathing periodically to wean the patient off of the assisted 
' breathing regimes/thereby "restoring the patient's ability to breath independently. " 

In those instances where a patient requires mechanical ventilation due to respiratory 
5 failure, a wide variety of mechanical ventilators are available. Most modern ventilators 
allow the clinician to select and use several modes of inhalation either individually or in 
combination. These modes can be defined in three broad categories: spontaneous, assisted 
or controlled. During spontaneous ventilation without other modes of ventilation, the 
patient breathes at his own pace, but other interventions may affect other parameters of 
10 ventilation including the tidal volume and the baseline pressure, above ambient, within the 
system. In assisted ventilation, the patient initiates the inhalation by lowering the baseline 
pressure by varying degrees, and then the ventilator "assists" the patient by completing the 
breath by the application of positive pressure. During controlled ventilation, the patient 
is unable to breathe spontaneously or initiate a breath, and is therefore dependent on the 
15 ventilator for every breath. During spontaneous or assisted ventilation, the patient is 
required to "work" (to varying degrees) by using the respiratory muscles in order to breath. 

The work of breathing ( the work to initiate and sustain a breath) performed by a 
patient to inhale while intubated and attached to the ventilator may be divided into two 
20 major components: physiologic work of breathing (the work of breathing of the patient) 
and breathing apparatus imposed resistive work of breathing. The work of breathing can 
be measured and quantified in Joules/Lof ventilation. In the past, techniques have been 
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devised to supply ventilatory therapy to patients for the purpose of improving patient 
* * " *\,\* * efforts to bifcath by decreasing the* work of breathing to 'sustain* the breath. Still othef 
techniques have been developed that aid in the reduction of the patient's inspiratory work 
required to trigger a ventilator system "ON" to assist the patient* s breathing. It is desirable 
5 to reduce the effort expended by the patient in each of these phases, since a high work of 
breathing load can cause further damage to a weakened patient or be beyond the capacity 
or capability of small or disabled patients. 

The early generation of mechanical ventilators, prior to the mid-1960s, were 
10 designed to support alveolar ventilation and to provide supplemental oxygen for those 
patients who were unable to breathe due to neuromuscular impairment. Since that time, 
mechanical ventilators have become more sophisticated and complicated in response to 
increasing understanding of lung pathophysiology. Larger tidal volumes, an occasional 
"sigh breath," and a low level of positive end-expiratory pressure (PEEP) were introduced 
15 to overcome the gradual decrease in functional residual capacity (FRC) that occurs during 
positive-pressure ventilation (PPV) with lower tidal volumes and no PEEP. Because a 
decreased functional residual capacity is the primary pulmonary defect during acute lung 
injury, continuous positive pressure (CPAP) and PEEP became the primary modes of 
ventilatory support during acute lung injury. 

20 

In an effort to improve a patient's tolerance of mechanical ventilation, assisted or 
patient-triggered ventilation modes were developed. Partial PPV support, where 

■ i 
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mechanical support supplements spontaneous ventilation, became possible for adults 
outside the "operating room when intermittent mandatory ventilation (IMV) became 
available in the 1970s. Varieties of "alternative" ventilation modes addressing the needs 
of severely impaired patients continue to be developed. 

5 

The second generation of ventilators was characterized by better electronics but, 
unfortunately, due to attempts to replace the continuous high gas flow IMV system with 
imperfect demand flow valves, failed to deliver high flow rates of gas in response to the 
patient's inspiratory effort. This apparent advance forced patient's to perform excessive 

10 imposed work and thus, total work in order to overcome ventilator, circuit, and demand 
flow valve resistance and inertia. In recent years, microprocessors have been introduced 
into modern ventilators. Microprocessor ventilators are typically equipped with sensors 
that monitor breath-by-breath flow, pressure, volume, and derive mechanical respiratory 
parameters. Their ability to sense and transduce "accurately," combined with computer 

15 technology, makes the interaction between clinician, patient, and ventilator more 
sophisticated than ever. The prior art microprocessor controlled ventilators suffered from 
compromised accuracy due to the placement of the sensors required to transduce the data 
signals. Consequently, complicated algorithms were developed so that the ventilators 
could "approximate" what was actually occurring within the patient's lungs on a breath by 

20 breath basis. 
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Unfortunately, as ventilators become more complicated and offer more options, so 
the number of potentially dan'gerous clinical decisions increases. The 'physicians, nurses, • 
and respiratory therapists that care for the critically ill are faced with expensive, 
complicated machines with few clear guidelines for their effective use. The setting, 

5 monitoring, and interpretation of some ventilatory parameters have become more 
speculative and empirical, leading to potentially hazardous misuse of these new ventilator 
modalities. For example, the physician taking care of the patient may decide to increase 
the positive pressure level based on the ventilator displayed high spontaneous breathing 
frequency and low exhaled tidal volume. This approach, unfortunately, threatens the 

1 0 patient with the provision of inappropriate levels of pressure support. 

Ideally, ventilatory support should be tailored to each patient's existing 
pathophysiology rather than employing a single technique for all patients with ventilatory 
failure. Thus, current ventilatory support ranges from controlled mechanical ventilation 

1 5 to total spontaneous venti lation with CPAP for support of oxygenation and the elastic work 
of breathing and restoration of lung volume. Partial ventilation support bridges the gap for 
patients who arc able to provide some ventilation effort but who cannot entirely support 
their own alveolar ventilation. The decision-making process regarding the quality and 
quantity of ventilatory support is further complicated by the increasing knowledge of the 

20 effect of mechanical ventilation on other organ systems. 
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The overall performance of the assisted ventilatory system is determined by both 
physiological and mechanical factors. The physiological determinants, which include the 
nature of the pulmonary disease, the ventilatory efforts of the patient, and many other 
anatomical and physiological variables, changes with time and are difficult to diagnois. 

5 Moreover, the physician historically had relatively little control over these determinants; 
Mechanical input to the system, on the other hand, is to a large extent controlled and can 
be reasonably well characterized by examining the parameters of ventilator flow volume 
and/or pressure. Optimal ventilatory assistance requires both appropriately minimizing 
physiologic workloads to a tolerable level and decreasing imposed resistive workloads to 

10 zero. Doing both should insure that the patient is neither overstressed nor oversupported. 
Insufficient ventilatory support places unnecessary demands upon the patient's already 
compromised respiratory system, thereby inducing or increasing respiratory muscle fatigue. 
Excessive ventilatory support places the patient at risk for pulmonary-barotrauma, 
respiratory muscle deconditioning, and other complications of mechanical ventilation. 

15 

Unfortunately, none of the techniques devised to supply ventilatory support for the 
purpose of improving patient efforts to breath, by automatically decreasing imposed work 
of breathing to zero and appropriately decreasing physiologic work once a ventilator 
system has been triggered by a patient's inspiratory effort, provides the clinician with 
20 advice in the increasingly complicated decision-making process regarding the quality and 
quantity of ventilatory support. As noted above, it is desirable to reduce the effort 



WO 00/45880 PCT/US00/02669 

7 

t 

expended by the patient to avoid unnecessary medical complications of the required 
' " respiratory support; 

From the above, it is clear that it would be desirable to have a medical ventilator 
5 that reduces the patient's work of breathing toward an optimum level by alerting the 
clinician of the ventilator's failure to supply the appropriate quiality and quantity of 
ventilatory support and by providing advise to the clinician regarding the appropriate 
quality and quantity of ventilatory support that is tailored to the patient's pathophysiology. 
Further, il would be desirable to have such a ventilator that, in addition to alerting and 
10 advising the clinician, also automatically changes the quality and quantity of ventilatory 
support that is required to support a patient's current pathophysiology. Such a ventilatory 
system is unavailable in current systems. 



1 5 Summary of The Invention 

An excessively high expenditure of energy (work of breathing) by the patient, early 
in the inspiratory phase of ventilation, can be detrimental to the patient. Patients may 
fatigue under these workloads, leading to further respiratory distress and/or failure. The 
20 required energy expenditure can also create difficulties in weaning the patient from the 
ventilator, leading to patients who become ventilator dependent. Thus, reducing the energy 
expenditure to an appropriate level while breathing spontaneously on a mechanical 
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ventilator is advantageous for the patient. Pressure support ventilation is a commonly used 
* * fnode of venti latory support employed to decrease a patient's work of breathing or effort 
to inhale to appropriate levels. The principle object of the present invention is to provide 
an open-loop method and corresponding apparatus for determining and advising the 
5 operating clinician Of the pressure support level of ventilation support provided to the 
patient that will maintain the patient work of breathing within a desired work of breathing 
range selected by the operating clinician. 

A further object of the present invention is to provide a closed-loop method and 
1 0 corresponding apparatus for continually and automatically adjusting the selected pressure 
support level of ventilation support provided to the patient to maintain the patient work of 
breathing within the selected predetermined work of breathing range for any selected 
period of time. 

15 Conventional approaches of applying pressure support ventilation are based on 

either: a) assessing a patient's breathing pattern, or b) directly measuring the work of 
breathing of the patient. If the breathing pattern is inappropriate the breathing rate is 
too fast), then the work of breathing is too high or too low and the pressure support 
ventilation level should be adjusted until the breathing pattern or work of breathing is are 

20 physiologically appropriate. However, it has been determined that the assessment of the 
breathing pattern is an inaccurate assessment of the work of breathing of the patient. 
Additionally, the direct measurement of the work of breathing of the patient may be 
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difficult and requires special and expensive equipment not available to most physicians. 
" * * Therefore, it is desirable to have an accurate means for determining the work bf breathing 
of the patient for the application of pressure support ventilation. 

5 Another objective of the present invention results from the discovery that there is 

a strong correlation between the average respiratory muscle pressure of a patient and the 
patient work of breathing. Therefore, a further objective of the invention is to provide a 
simple and easy method and apparatus for controlling a medical ventilator based upon 
readily measured exhalation gas parameters and the readily determined average respiratory 
10 muscle pressure of the patient. 

It is yet another objective of the invention to provide a method and apparatus for 
accurately predicting the patient work of breathing based upon maximizing the conrelation 
between the readily determined average respiratory muscle pressure of the patient and the 
15 work of breathing of the patient. ■ ■ • - 

It is another objective of the invention to provide a method and apparatus for 
nullifying the work of breathing imposed by breathing apparatus by continually modulating 
the pressure and/or flow rate of the breathing gas supplied by the ventilator to maintain the 
20 pressure of the breathing gas near the distal end of a breathing attachment, such as an 
endotracheal tube, at a constant, predetermined, baseline pressure throughout an inhalation 
effort of the patient. 



WO 00/45880 



10 



PCT/US00/02669 



The present invention is directed to an open- or closed-loop method and 
* " corresponding apparatus for prcrvidifig brfeathing gis to a patient such that the patient exerts* 
a desired work of breathing during pressure support ventilation, and such that the work of 
breathing of the patient is monitored and the pressure and/or flow rate of the breathing gas 
5 provided to the patient is controlled throughout the inspiratory phase to provide a pressure 
support ventilation level that provides the desired work of breathing in the patient. 

Briefly, the present invention is directed to a medical ventilator for supplying a 
breathing gas for use in a medical procedure, such as pressure support ventilation, at a 

10 selected pressure support ventilation level. The breathing gas being received into the 
medical ventilator is from a gas source of one or more breathing gases and the gas exiting 
the ventilator is in flow communication with a functionally open ventilator conduit. The 
ventilator conduit has a patient breathing attachment, such as an endotracheal tube, in fluid 
communication with the lungs of the patient. A pressure sensor is disposed in the 

15 ventilator conduit that senses the pressure of the breathing gas within the ventilator conduit 
and a flow rate sensor is disposed in the ventilator conduit to detect the flow rate of the 
breathing gas within the ventilator conduit. A monitoring means, such as a 
microprocessor, is connected to the pressure sensor and to the flow rate sensor to monitor 
the patient work of breathing, to detect when the patient work of breathing is not within 

20 a predetermined work of breathing range, and to generate a response signal thereof. The 
ventilator apparatus further has an alarm means responsive to the response signal to 
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generate an alarm suitable for alerting an operator that the patient work of breathing is not 
"within the predetermined work of breathing range. 

The medical ventilator also has a gas delivery means that is in fluid/flow 
5 communication with the gas source for receiving the breathing gas from the gas source. 
The gas delivery means regulates the pressure and/or flow rate of the breathing gas to 
supply the breathing gas to the patient at the selected pressure support ventilation level/ 
Further, the medical ventilator has a regulating means operatively coupled to the gas 
delivery means and the monitoring means for pressure and/or flow rate controlling the 

10 breathing gas supplied to the patient so that the breathing gas may be delivered to the 
patient at a selected pressure support ventilation level. The gas delivery means comprises 
a pneumatic system, having at least one actuator, responsive to the monitoring means via 
the regulating means, for controlling the pressure and/or the flow rate of the breathing gas 
so that the selected pressure support ventilation level is provided to the patient. The 

15 regulating means, responsive to the response signal from the monitoring means that 
indicates that the monitored work of breathing of the patient is not within the desired work 
of breathing range, may adjust the selected pressure support ventilation level of the 
breathing gas provided to the patient by the ventilator until a pressure support ventilation 
level is reached such that the patient work of breathing is within the predetermined work 

20 of breathing range. 
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To advise the clinician of the medical parameters being monitored or determined, 
" * " * " 'the medical Ventilator may also have a signal output' means, such as a monitor, for 

displaying electronic output signals for concurrent review by a clinician. The electronic 
output signals may include at least one or more of: the stored signals, the predetermined 
5 work of breathing range, the determined work of breathing of the patient, the average 
respiratory muscle pressure of the patient, the selected pressure support level of the 
ventilator, and the target pressure support ventilation level. The display of the target 
pressure support level of the ventilator advises the clinician operating the medical 
ventilator with the ventilator pressure support level that will provide breathing support to 
10 the patient during pressure support ventilation that will maintain the patient's work of 
breathing within the desired work of breathing range the target pressure support 
ventilation level). 

Moreover, the present invention relates to a method of providing, for any selected 
1 5 period of time, pressure support ventilation to a patient supplied with a breathing gas from 
a medical ventilator, the gas being pressure and/or flow rate controlled by the ventilator, 
comprising the steps of delivering the breathing gas from the ventilator to the patient via 
a ventilator conduit at a selectable pressure support ventilation level; sensing the pressure 
of the breathing gas within the ventilator conduit; measuring the flow rate of the breathing 
20 gas within the ventilator conduit; monitoring the work of breathing of the patient from the 
sensed pressure and measured flow rate of the breathing gas; and alarming the operating 
clinician when it is determined that the patient work of breathing is not within the 
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predetermined work of breathing range. The method of the present invention may also 
comprise the steps of controlling the pressure support level of the breathing gas when it is 
determined that the patient work of breathing is not within the predetermined work of 
breathing range and displaying the selected pressure support ventilation level to the 
5 clinician operator when the patient work of breathing is within the desired work of 
breathing 

The above and other objects and advantages of the present invention will become 
more readily apparent when reference is made to the following description taken in 
10 conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

15 Fig. 1 is a block diagram of the medical ventilator according to the present 

invention. 

Fig. 2 is a block diagram of the medical ventilator according to the first 
embodiment of the present invention. 

20 

Fig. 3 is a flow chart illustrating a general sequence of steps for carrying out the 
open-loop operation of the first embodiment of the present invention. 
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Fig. 4 is a flow chart illustrating a preferred sequence of steps for carrying out the 
opcn-ioop operation of the first embodiment of the present invention. 

Fig. 5 is a flow chart illustrating a general sequence of steps for carrying out the 
5 closed-loop operation of the first embodiment of the present invention. 

Fig. 6 is a flow chart illustrating a preferred sequence of steps for carrying out the 
closed-loop operation of the first embodiment of the present invention. 

10 Fig. 7 is a flow chart illustrating the preferred sequence for carrying out the 

determination of the average respiratory muscle pressure and the work of breathing of the 
patient. 

Fig. 8 A-C are graphical diagrams that illustrate the pressure of the gas at the 
1 5 airway opening (Pao) versus time; the flow rate of the gas (V) versus time; and the tidal 
volume of the gas (V T ) versus time during an end inspiratory pause determination of the 
compliance and resistance of the respiratory system. 

Fig. 9 is a work of breathing - average respiratory muscle pressure curve illustrating 
20 the correlation between the work of breathing of the patient and the average respiratory 
muscle pressure of the patient (averaged over a serial five breaths of the patient). 



WO 00/45880 

15 

Fig. 10 is a block diagram of the medical ventilator according to the second 
embodiment of the present invention showing the pressure sen 
endotracheal tube. 

5 _ Fig. 1 1 is a flow chart illustrating a general sequence of steps for carrying out the 
tracheal pressure ventilator control embodiment of the present invention. 

Fig. 12 is a flow chart illustrating a preferred sequence of steps for carrying out the 
tracheal pressure ventilator control embodiment of the present invention as executed by 
10 a programmable microprocessor. 

DETAILED DESCRIPTION OF THE INVENTION 

15 The present invention is more particularly described in the following examples that 

are intended as illustrative only since numerous modifications and variations therein will 
be apparent to those skilled in the art. As used in the specification and in the claims, "a" 
can mean one or more, depending on the context in which it is used. 

20 Pressure Support Ventilation Control 
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The first embodiment of the present invention is directed to a method and apparatus 
• ' • tor providing open-* dr closed-loop* pressure support ventilation from a ventilator 20, 
hav ing a selectable pressure support ventilation level, to a patient 10, wherein the work of 
breathing of the patient 10 is monitored and the operating clinician is informed when the 
5 work of breathing of the patient 10 is not within a predetermined work of breathing range. 
The method and apparatus further provides a means to determine, and advise the operating 
clinician of. the pressure support ventilation level of pressure support ventilation necessary 
to maintain the work of breathing of the patient 10 within the predetermined work of 
breathing range to optimize the ventilation support provided to the patient 10. Still further, 
1 0 the closed-loop method and apparatus also provides a means of automatically, continually, 
and proportionally adjusting the pressure support ventilation level of the ventilator 20 to 
provide the necessary ventilator support to maintain the work of breathing of the patient 
10 within the predetermined work of breathing range. It is advantageous to advise of 
(open-loop) and/or set (closed-loop) the pressure support ventilation level necessary to 
1 5 support the physiologic needs of the patient 10 because different levels of pressure support 
ventilation may be required whenever the patient's breathing patterns change. 

As used herein, "a predetermined work of breathing range*' is one that has been 
preset by the operating clinician. The level of pressure support ventilation may be set to 
20 partially or totally unload the respiratory muscles of the patient 10. During partial 
unloading, a level of pressure support ventilation is applied to decrease the patient's work 
of breathing to a tolerable predetermined work of breathing range. Preferably, the level of 
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pressure support ventilation supplied to the patient 10 is increased until the work of 
breathing performed by the patient 10 decreases. The predetermined work of breathing 
range is typically not altered unless the operating clinician determines that the work of 
breathing range present will not provide the patient 10 with adequate ventilator support. 

5 If it is desired that the ventilation support provided by the ventilator 20 totally unloads and 
thus rests the respiratory muscles of the patient 10 (total respiratory muscle pressure being 
synonymous with a work of breathing of approximately zero), the desirable predetermined 
work of breathing range is typically between approximately 0.0 - 0.005 Joule/L. Such total 
respiratory muscle unloading may be appropriate to rest fatigued muscles such as in 

10 patient's with chronic respiratory failure. If it is desired that the ventilation support 
provided by the ventilator 20 partially unloads the respiratory muscles so that the workload 
imposed upon the patient 10 is tolerable and nonfatiguing, the desirable predetermined 
work of breathing range is typically the normal range for work of breathing, i.e., 
approximately 0.3 to 0.65 Joules/L. Under this condition, the workload of breathing is 

15 shared between the ventilator 20 and the respiratory muscles of the patient 10 because, 
during inhalation with pressure support ventilation, positive pressure actively assists in 
inflating the lungs 14 of the patient 10, thereby providing a portion of the work of 
breathing and relieving/unloading the respiratory muscles of the increased workload. As 
a result, as one skilled in the art will appreciate, the force and duration of muscle 

20 contraction and the work of breathing are reduced. As one skilled in the art will 
appreciate, any desired work of breathing range may be selected between the extremes of 
total unloading of the respiratory muscles (work of breathing approximately 0.0 Joule/L) 
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and complete loading of the respiratory muscles whereby the ventilator 20 is providing no 
• • • * ventilator support (for example; a workof breathing of approximately 3.0 Joule/L) to flfct 
at the predetermined work of breathing range. 

5 A "patient breathing attachment" may be any gas delivery device, such as a mask 

[not shown] or a tube 54, that either superimposes over or enters a body cavity 12 or space 
that delivers the pressure and/or flow rate controlled breathing gas 32 at a selected pressure 
support ventilation level into the lungs 14 of the patient 10. For the pressure support 
ventilation used in the present invention it is preferable that an endotracheal tube 54 be 

10 used as the patient breathing attachment 50. The endotracheal tube 54 has a proximal end 
58 and an opposed distal end 56. The endotracheal tube 54 is typically inserted into the 
patient's mouth and thence into the patient's trachea so that the distal end 56 of the 
endotracheal tube 54 is disposed in the trachea before it branches into the mainstem 
bronchi that lead into the lungs 14 and so that the breathing gas 32 exiting the distal end 

15 56 of the endotracheal tube 54 is in fluid communication of the patient's lung. 

"Pressure support ventilation" may be a ventilation support medical procedure for 
supplying pressure support breaths of breathing gas 32 at a pressure support level during 
inspiration by a patient 10. Pressure support ventilation is advocated to unload the 
20 respiratory muscles and decrease the work of breathing and thus decrease energy demands 
of patients 10 with decreased compliance and/or increased resistance. It also augments 
spontaneous breathing by decreasing the work imposed by the resistance of the breathing 
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apparatus. In pressure support ventilation, the ventilator 20 is patient-triggered "ON," 
resulting in an abrupt increase in pressure within the endotracheal tube 54 to die 
preselected pressure support ventilation level, which provides a positive-pressure level, 
resulting from a variable flow of gas 32 from the ventilator 20. As long as the patient 10 

5 maintains an inspiratory effort, airway pressure is held constant at the presented pressure 
support ventilation level. Gas flow rate from the ventilator 20 typically ceases when the 
patient's inspiratory flow rate demand decreases to a predetermined percentage of the 
initial peak mechanical inspiratory flow rate (e.g., 25%). The ventilator 20 is thus flow- 
cycled "OFF 1 during pressure support ventilation. Once the preselected pressure support 

10 level is inputted and set, the patient 10 interacts with the pressure-assisted breath and 
retains control over inspiratory time and flow rate, expiratory time, breathing rate, tidal 
volume, and minute volume. Patient 10 work decreases and ventilator work increases at 
incremental levels of pressure support ventilation. 

15 A "breathing gas" may be any gas 32 supplied to the patient 10, such as pure 

oxygen, air mixed with oxygen, and/or medication mixed with either oxygen or oxygen and 
air and may also refer to the gas 32 exhaled by the patient 10. For example, a supply of 
oxygen can be supplemented by air, nitrogen, helium, nitrous oxide, nitric oxide, carbon 
dioxide, medications, or a mixture thereof. 

20 

Referring to Figs. 1 and 2, a patient is indicated at 10. The first embodiment of the 
present invention is a medical ventilator 20 having a selectable pressure support ventilation 
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level, the medical ventilator 20 in flow/fluid communication with a gas source 30 of 
Vreathing gas 32 and* a functionally open ventilator flow "conduit 40 having a patient 
breathing attachment 50 in fluid communication with the lungs 14 of the patient 10. The 
breathing gas 32 is pressure and/or flow rate controlled by a gas delivery means of the 

5 medical ventilator 20 so that the breathing gas 32 is delivered to the patient 10 at the 
selected pressure support ventilation level. The ventilator further comprises a pressure 
sensing means disposed within the ventilator conduit 40 for sensing the pressure of the gas 
32 within the ventilator conduit 40, a flow rate measuring means disposed within the 
ventilator conduit 40 for measuring the flow rate of the gas 32 within the ventilator conduit 

10 40. and a monitoring means operatively connected to the pressure sensing means and the 
flow rale measuring means for monitoring the work of breathing of the patient 10 and 
operatively coupled to gas delivery system of the ventilator 20 via a regulating means for 
regulating the selected pressure ventilation level of the ventilator 20. 

15 Referring now to Fig. 1, the medical ventilator 20, according to the first 

embodiment of the present invention, for advising of and/or providing the necessary 
pressure support ventilation level during pressure support ventilation is shown generally. 
Such a ventilator 20 is particularly useful in controlling the pressure support ventilation 
level supplied by the ventilator 20 so that the work of breathing of the patient 10 is 

20 maintained within the desired (i.e., the predetermined) work of breathing range. 
Specifically, Fig. 1 illustrates a gas delivery means, preferably a pneumatic system 22, in 
fluid/flow communication with a gas source 30 of one or more breathing gases 32 and a 
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ventilator conduit 40 and in operative connection with a monitoring means, preferably a 
microprocessor 60:' The ventilator conduit 40 is in fluid/flow communication 'with the* 
lungs 14 of the patient 10. The microprocessor 60 and the pneumatic system 22 are 
connected to a power source 24. The microprocessor 60 may be connected to a visual 

5 display 70 for visual display of selected data and a user interface 80 for user defined 
control of the ventilator 20. The microprocessor 60 is also shown connected to a flow rate 
sensor 90, that measures the flow rate of the gas 32 within the ventilator conduit 40 and 
proximate the flow rate sensor 90, and a pressure sensor 100, that measures the pressure 
of the gas 32 proximate the pressure sensor 100, and to the pneumatic system 22 of the 

10 ventilator 20 via a regulating means. 

As one skilled in the art would appreciate, the pneumatic system 22 of the medical 
ventilator 20 and the operative connection of that pneumatic system 22 to the source of 
breathing gas 32 of the ventilator 20 may be any design known in the art that has at least 



15 one actuator 26 that is capable of being operatively coupled, preferably electrically 
coupled, to the microprocessor 60 for pressure and/or flow rate controlling the breathing 
gas 32 supplied to the ventilator 20 from the gas source 30 so that the breathing gas 32 may 
be provided to the patient 10, during pressure support ventilation, at a selectable pressure 
support ventilation level which may be regulated. Such a pneumatic system 22 are 

20 disclosed in U.S. Patents Nos. 4,838,259 to Gluck et al., 5,303,698 to Tobia et al., 
5,400,777 to Olsson et al., 5,429, 123, to Shaffer et al., and 5,692,497 to Schnitzer et al. 
and are incorporated by reference herein. Further, medical ventilators having pneumatic 
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systems capable for selectably delivering pressure support ventilation levels during 
* pressure support ventilation are eommerfcially available. For example^ the Ventilator 20 
and source of breathing gas 30 may be comprised of a Mallinckrodt, Nelcor, Puritan- 
Bennett, 7200ae, or a Bird 6400 Ventilator. 

5 

The regulating means of the ventilator 20 preferably comprises at least one driver 
circuit 25 electrically coupled to the monitoring means and to each actuator 26 of the gas 
delivery means. The driver circuits 25 adjust each actuator 26, as required, based on 
electrical signals received from the monitoring means, thus regulating the pressure and/or 
10 flow rate of the breathing gas 32 supplied to the patient 10. Each driver circuit may be a 
signal line. 

Referring now to Fig. 2, an example of an embodiment of such a medical ventilator 
20 is shown. Here the pneumatic system 22 of the ventilator 20 has two actuators 26, an 

15 inhalation conduit actuator 27 and an exhalation conduit actuator 28, that are operatively 
connected via the regulating means to the microprocessor 60. Each actuator 26 preferably 
defines a passage [not shown] through which the breathing gas 32 traverses and an actuator 
control means for adjusting the passage to change the rate of flow of the gas 32 
therethrough. The regulating means adjusts the actuator control means of at least one 

20 actuator 26, if necessary, so that the pressure and/or flow of breathing gas 32 exiting the 
ventilator 20 through a ventilator outlet gas port is established and delivered at the selected 
pressure support ventilation level to the patient 10 via the ventilator conduit 40. The 
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actuator 26 can be a binary valve, which is in either a fully open or fully closed position, 
' * * * " dr, riibre preferably, a propoftfonalVal ve, in Which the passage of the actuator 26 is opened 
proportionally corresponding to various desired flow rates. The proportional valve is 
preferably a high speed, flow regulating solenoid valve for regulating the flow of gas 32 
5 from the gas source 30. 

The medical ventilator 20 is in flow/fluid communication with the ventilator 
conduit 40 for delivery of the breathing gas 32 to the patient 10 at the selected pressure 
support ventilation level. As shown in Figs. 1 and 2, and as one skilled in the art will 
10 appreciate, the ventilator flow conduit may be any conduit that allows for the tidal (to-and- 
fro) respiration of the breathing gas 32 (i.e., the conduit allows for the inhalation of the 
breathing gas 32 and for the exhalation of the gas 32 from the patient's lungs 14). 

In the preferred embodiment however, and as shown in Fig. 2, the ventilator 
1 5 conduit 40 has an inhalation conduit 42, an exhalation conduit 45, and a patient breathing 
attachment 50. The inhalation conduit 42 provides a conduit for the flow of the breathing 
gas 32 from the ventilator 20 to a patient's breathing apparatus 50 during the inhalation 
phase of the patient's breath. The exhalation conduit 45 provides a conduit for the flow 
of the exhaled breathing gas 32 from the patient's breathing apparatus 50 to the ambient 
20 atmosphere or back to the ventilator 20 during the exhalation phase of the patient's breath. 
The inhalation conduit 42 has a first end 43 and an opposed second end 44 and the 
exhalation conduit 45 has a front end 46 and an opposed back end 47. The first end 43 of 
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the inhalation conduit 42 is operatively connected to the ventilator outlet gas port 21 and 
* tfie second end' 44 of the inhalation conduit 42* is operatively connected to the patient- 
breathing attachment 50. Similarly, the front end 46 of the exhalation conduit 45 is 
operatively connected to the patient breathing attachment 50 and the back end 47 of the 
5 exhalation conduit 45 is preferably operatively connected to a ventilator inlet gas port 23. 
The inhalation conduit 42 and the exhalation conduit 45 are preferable flexible and 
sufficiently long to permit the ventilator 20 to be placed at a convenient distance from a 
patient 10 undergoing ventilator breathing support. 

10 As shown in Fig. 2, if used, the inhalation conduit actuator 27 of the ventilator 20 

is preferably interposed between the source of breathing gas 30 and the inhalation conduit 
42. Similarly, the exhalation conduit actuator 28 should be disposed near the ventilator 
inlet gas port 23 in fluid/flow communication with the gas 32 flowing from the exhalation 
conduit 45. The exhalation conduit actuator 28 may be preceded by a one-way valve to 

1 5 prevent retrograde flowing of gas 32 in the exhalation conduit 45 of the ventilator conduit 
40. 

As shown in Fig. 2, if an endotracheal tube 54 is used as the patient breathing 
attachment 50, the second end 44 of the inhalation conduit 42 and the front end 46 of the 
20 exhalation conduit 45 are operatively connected to the proximal end 58 of the endotracheal 
tube 54. Preferably, for ease of connection of the inhalation and exhalation conduits 42, 
45 to the endotracheal tube 54, the second end 44 of the inhalation conduit 42 and the front 
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end 46 of the exhalation conduit 45 is operatively connected to a fitting called a patient 
'wye 48. Further/thV wye fitting '48 is operatively connectedto the proximal end 58'of the* 
endotracheal tube 54. Thus, the endotracheal tube 54 and the flexible inhalation and 
exhalation conduits 42, 45 serve as primary intake and exhaust pathways forinhalation and 
5 exhalation gases 32 entering and leaving, respectively, the patient's body through the lungs 
14. 

As shown in Figs. 1 and 2, various continuous sensing and/or measuring means are 
coupled to the ventilator 20 to facilitate the continuous monitoring of the work of breathing 

10 of the patient 10. Each of these means are commercially available. In the preferred 
embodiment of the present invention, the flow rate measuring means and the pressure 
sensing means are disposed within the ventilator conduit 40. For convenience and ease of 
connection, the flow rate measuring means is preferably disposed between the wye piece 
48 and the proximal end 58 of the endotracheal tube 54. The flow rate measuring means 

15 generates a flow signal representative of the flow rate of the gas 32 proximate the flow rate 
measuring means. The flow signal generated from the flow rate measuring means is 
transmitted through a first analog-to-digital converter 110 (A/D converter) to the 
microprocessor 60 on flow signal line 111. Thus, the flow rate measuring means is 
preferably a flow rate sensor 90 and more particularly, is preferably a differential pressure 

20 analyzer 92, such as a pneumotachometer. For example, the differential pressure analyzer 
92 may be comprised of a disposable, variable orifice pneumotachometer provided by 
Accutach, Glen Medical Products or a fixed orifice differential pressure pneumotach by 
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Novanietric Medical Systems. However, any flow rate sensor that is capable of sensing 
* " the flow rate- Of the gas 32 within the' ventilator conduit 40 and providing a* signal 
representative of that flow rate may be substituted for the flow rate sensor 90. A rotameter, 
a respirometer, or a thermistor flow sensor, such as the Calculair Portable Electronic 
5 Spirometer by Hospal Medical Corporation, could be suitable substitutes. 

The pressure sensing means is preferably disposed in the flow path of the gas 32 
within the endotracheal tube 54. More particularly, for convenience and ease of 
connection, it is preferred that the pressure sensingmeans be proximate the flow measuring 

10 means. The pressure sensing means generates a pressure signal representative of the 
pressure of the gas 32 proximate the pressure sensing means. Accordingly, the pressure 
sensing means is preferably a pressure sensor 100. More particularly, the pressure sensor 
100 is preferably a piezoresistive pressure sensor or a solid state pressure transducer. Still 
more preferred, if the flow measuring means is the preferred differential pressure analyzer 

1 5 92, the differential pressure analyzer 92 may also concurrently sense the pressure of the gas 
32 proximate the differential pressure analyzer 92, thereby acting as the pressure sensor 
100, and generate the requisite pressure signal. This is preferred as it requires only one 
sensor, the differential pressure analyzer 92, to act as both the flow measuring means and 
the pressure sensing means and it allows the flow rate and pressure data gathering to be 

20 accomplished at a single site in the ventilator conduit 40. 
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The pressure signal from the pressure sensor 100 is transmitted through a second 
# A/D converter 112 tb the micit>£n&6ssoi"60*on ptessure signal line 113:* This* pressure 
signal may be transmitted through a digital or analog anti-aliasing filter [not shown] to 
remove noise above the Nyquist frequency before processing by the first A/D converter. 

5 The pressure sensor 100 may, for example, be comprised of commercially available 
pressure sensors from Honeywell or Sensym. However, it must be noted that any pressure 
sensor 1 00 capable of sensing the pressure of the gas 32 proximate the pressure sensor 1 00 
and providing a signal representative of that pressure sensed could be substituted as the 
pressure sensor 100. For example, an aneroid pressure manometer could be a suitable 

10 substitute. 

While a first and a second A/D converter 1 10, 1 12 are described for use with the 
flow rate sensor 90 and the pressure sensor 100 respectively, it is preferred that a single, 
multiplexed A/D converter [not shown] be used for converting the respective flow signal 
15 and pressure signal to digital foimat. 

The monitoring means is responsive to the output of the pressure sensing means 
and the flow rate measuring means (Le., the pressure signal and the flow rate signal 
respectively). The overall goal of the monitoring means is to advise of and/or maintain the 
20 most effective pressure support ventilation level for a ventilator 20 providing a patient 10 
with pressure support ventilation while minimizing pressure related pulmonary and 
cardiovascular compromise. Specifically, as shown in Figs. 1-8, the selected pressure 
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ventilation level is determined, in the open-loop operation, and then alternatively 
automat ically set , in the ciosed-loop operation, so that the work of breathing of the patient 
10 may be maintained within a predetermined work of breathing range. 

5 Preferably, the monitoring means is a microprocessor 60 that is electrically coupled 

to the flow rate sensor 90 used as a flow rate measuring means via flow signal line 1 1 1 and 
to the pressure sensor 100 used as a pressure sensing means via pressure signal line 1 13. 
The microprocessor 60 may be analog or digital and should contain circuits to be 
programmed for performing mathematical functions such as waveform averaging, 

10 amplification, linearization, signal rejection, differentiation, integration, addition, 
subtraction, division and multiplication, where desired. Circuits or programs for 
performing these functions are conventional and well known, and they form no part of the 
present invention. A microprocessor 60 is preferred over dedicated analog or digital 
processors because it has the flexibility to be programmed to store and analyze data and 

1 5 to provide hard copy in many forms. If an analog microprocessor 60 is used, the first and 
second A/D converters or the single, multiplexed A/D converter are not required, because 
the analog microprocessor 60 requires the flow signal and the pressure signal to be in the 
nonconverted analog format. 

20 The parameters and data derived from the signals produced by the flow rate sensor 

90 and the pressure sensor 100 as stored in the memory 62 of the microprocessor 60 at 
user-defined rates for as-needed retrieval and analysis. The flow rate and pressure sensors 
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90, 100 may continually monitor/sense the flow rate and the pressure of the breathing gas 
'32 proximate the respective sensors'. The parameters and data may include: pressure, peak 
inflation pressures (PIP), flow rate, peak inspiratory flow rate, respiratory muscle pressure 
(Pmus(t)), average respiratory muscle pressure during the inspiratory period (Pmus avg (t)), 

5 average respiratory muscle pressure over a serial number of breaths (Pmus avgN (t)), static 
elastic recoil pressure (ERP), inspiratory tidal volume, baseline airway pressure, PEEP, 
mean airway pressure, spontaneous and ventilation breathing frequency, and spontaneous, 
ventilator, and total minute ventilation. The memory 62 maybe, for example a floppy disk 
drive or internal RAM or hard drive of the associated microprocessor 60. These patient 

10 data may be stored to provide a permanent log of all events related to the patient's course 
on the ventilator 20, and allow for on-line and retrospective analysis of pulmonary 
function, i.e., compliance of the respiratory system (Crs), resistance of the respiratory 
system (Rrs), and gas 32 analysis as a function of time. Furthermore, the microprocessor 
60 can perform operator-specific physiologic calculations on-line and in real-time, such 

1 5 as the calculation of the work of breathing and the average respiratory muscle pressure of 
the patient 10. Alternatively, these can be stored for later analysis and review. 

The circuitry for monitoring the work of breathing of the patient 10 can be 
embodied by other circuitry well know in the art. In addition, while the monitoring means 
20 has been described as having a single microprocessor 60 for monitoring signals 
representing pressure and flow rate of the gas 32 proximate the respective sensors, and for 
controlling the selectable pressure support ventilation level of the ventilator 20, it should 
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be understood that two or more microprocessors 60 could be used dedicated to the 
individual' functions. In fcdditioii, the functions of the microprocessor 60 couid be achieved 
by other circuits, such as an application specific integrated circuit (ASIC), digital logic 
circuits, a microcontroller, or a digital signal processor. 

5 

Further, the microprocessor 60 may have a user interface 80 which, in the preferred 
embodiment, is a membrane keypad, a keyboard, or other suitable input device. An 
operator of the ventilator may provide the microprocessor 60, via the user interface 80, 
with any number of desirable input parameters, such as patient identification information, 

10 patient age, patient weight, patient health, or any other desired patient statistics. However, 
at minimum, the operating clinician must input the desired predetermined work of 
breathing range so that the microprocessor 60 may compare the determined work of 
breathing derived from the flow rate sensor 90 and the pressure sensor 100 to the 
predetermined work of breathing range input therein. Predetermined inspiratory reference 

15 data, such as the Crs and Rrs of the respiratory system, may also be input into the 
microprocessor 60. 

The ventilator 20 may further have a visual display 70, electronically coupled to 
the monitoring means for outputting and displaying electronic output signals generated 
20 from the monitoring means. The preferred electronic output signals may include at least 
one of: the signal data, the determined tidal volume, the determined respiratory muscle 
pressure (Pmus(t)), the determined average respiratory muscle pressure during the 
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inspiratory period (Pmus avg (t)), the determined average respiratory muscle pressure over 
* Vserial number of brfcatKs"(Pnius av ^(l)) average tidal volume, the average peakinspiratory 
muscle pressure, the average respiratory muscle pressure, the work of breathing of the 
patient 10, the selected pressure support ventilation level, the target pressure support 
5 ventilation level, and the initial value of the selected pressure support level for concurrent 
review by the operator of the ventilator 20. The visual display 70 may vary the pattern of 
the display in accordance with the contents of the electronic output signals from the 
monitoring means. Preferably, the visual display 70 is a monitor but any means for 
displaying electronic output signals known to one skilled in the art may be used. 

10 

Still further, the ventilator 20 may have an alarm means for alerting the operator 
of either a failure in the ventilator 20, such as a power failure, or an inappropriate 
ventilator support setting, such as a pressure support ventilation level that does not 
maintain the work of breathing of the patient 10 within the desired predetermined work of 
15 breathing range. Preferably, the alarm means comprises a visual and/or audio alarm 74 but 
any means for alerting the operating clinician known to one skilled in the art may be used. 
Of course, it is desired to use a backup power supply, such as a battery. 

Referring now to Fig. 3, in the open-loop operation of the first embodiment of the 
20 present invention, the monitoring means is responsive to the pressure signal and the flow 
signal to continually determine the work of breathing of the patient 10. The monitoring 
means compares the determined work of breathing of the patient 10 to a predetermined 
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work of breathing range and generates a response signal based on the comparison. The 
* * monitoring me^nS "generates the response signal when the patient's work of Breathing is 
not within the predetermined work of breathing range. Then, in response to the response 
signal of the monitoring means, the alarm means may generate an alarm that is suitable for 

5 alerting an operator that the patient's work of breathing is not within the predetermined 
work of breathing range, and the monitoring means may store the selected pressure support 
ventilation level as an initial value of the selected pressure support ventilation level. Still 
in response to the response signal of the monitoring means, the regulating means adjusts 
at least one of the actuators 26 of the pneumatic system 22 of the ventilator 20, if 

10 necessary, to adjust the selected pressure support ventilation level of the breathing gas 32 
supplied to the patient 10. Thus, the regulating means, which is responsive to the response 
signal, increments the selected pressure support ventilation level provided by the ventilator 
20 if the patient's work of breathing is greater than the predetermined work of breathing, 
or decrements the selected pressure support ventilation level delivered by the ventilator 20 

15 if the patient's work of breathing is less than the predetermined work of breathing. The 
regulating means may increment/decrement the selected pressure support ventilation level 
by a constant level value, such as 1 or 2 PSV units, or by a variable level value based on 
the proportional difference between the work of breathing of the patient 10 and the 
predetermined work of breathing range. This incrementing and/or decrementing process 

20 continues until a selected pressure support ventilation level is reached wherein the patient's 
work of breathing is within the predetermined work of breathing range. 



WO 00/45880 



PCTVUS00/02669 



33 

The monitoring means also detects when the patient's work of breathing is within 
the predetermined workofbreatfiing" range arid generates a level signal in resporise thereto: 
The monitoring means, in response to the level signal, stores the selected pressure support 
ventilation level as a target pressure support level which is indicative of the pressure 

5 support ventilation level, during pressure support ventilation, which will provide the 
patient 10 with a work of breathing within the desired predetermined work of breathing 
range. This target pressure support level is displayed to the operator to advise them of the 
appropriate pressure support level. In the open-loop operation, in response to the level 
signal of the monitoring means, the regulating means then adjusts at least one of the 

10 actuators 26 of the pneumatic system 22 of the ventilator 20, if necessary, to adjust, by 
increments or decrements, the selected pressure support ventilation level of the breathing 
gas 32 supplied to the patient 10 so that the selected pressure support ventilation level is 
brought back to the initial selected pressure support ventilation level. 

15 Thus, in the open-loop operation of the first embodiment of the present invention, 

upon the input of the desired predetermined work of breathing range (and the 
predetermined compliance and resistance of the respiratory system, if required) in Block 
300, the ventilator 20 begins to provide pressure support ventilation at an initial value of 
the selected pressure support ventilation level, as shown in Block 310. The monitoring 

20 means, in Block 320, then monitors the work of breathing of the patient 10 and, when the 
work of breathing is not within the desired work of breathing range, determines, in Block 
330, the target pressure support ventilation level that would maintain the patient's work 
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of breathing within the desired predetermined work of breathing range. Concurrent with 
* the dSttfrminatibn of the target pressure support ventilation level, the operator may be 
alerted via the alarm means that the selected pressure support ventilation level is not 
providing pressure support ventilation that maintain the patient's work of breathing within 
5 the predetermined work of breathing range the ventilator 20 is not providing the 
quality and/or quantity of pressure support ventilation necessary for the patient's current 
pathophysiology). Subsequent to the determination of the target pressure support 
ventilation level, the operator, in Block 340, is advised of the target pressure support 
ventilation level that will bring the patient's work of breathing within the desired range. 

10 However, as shown in Fig. 3, in the open-loop operation, the monitoring means of the 
ventilator 20 then steps back to block 310 to provide pressure support ventilation at the 
selected pressure support level that existed prior to the adjustment of the selected pressure 
support ventilation level in response to the response signal (z.e., back to the initial pressure 
support ventilation level). The monitoring means continues to monitor the patient's work 

15 of breathing and advise the operator of the target pressure support ventilation level that will 
maintain the patient's work of breathing within the desired work of breathing range until 
the ventilator 20 is reset by the operator. For those medical procedures or oversight 
procedures that require the operating clinician to select the pressure support ventilation 
level supplied by the ventilator 20 to the patient 10, the open-loop operation provides the 

20 necessary safety restriction as the operator must select the target pressure support 
ventilation level in order for the ventilator 20 to provide pressure support ventilation at the 
target pressure support ventilation level. 
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Fig. 4 shows a flowchart for a preferred embodiment of the software that controls 
k t ' ^Qp^.jQ^pQp^ra^ / The program continues to execute as long a^ 

not reset. At step 400, the input parameters are selected, such as the desired predetermined 
work of breathing range, the predetermined compliance and resistance of the respiratory 

■ j 

I 5 system, if required, etc. The initial value of the selected pressure support level may also 

be selected, however, it is preferred that the initial value of the selected pressure support 
level start at zero so that the ventilator 20 can subsequently increment the pressure support 
ventilation level until the target pressure support ventilation level is determined. At step 

j 4 10, the initial value of the selected pressure support ventilation level is stored and, in step 

! 10 420, the ventilator 20 supplies breathing gas 32 to the patient 10 via the ventilator conduit 

40 at the selected pressure support ventilation level. At step 430, the pressure of the 
breathing gas 32 is sensed and the flow rate of the breathing gas 32 is measured. At step 
440, the work of breathing of the patient 10 is calculated from the sensed pressure and the 

j measured flow rate of the breathing gas 32. In step 450, the work of breathing is 

15 monitored and, if the work of breathing of the patient 1 0 is not within the predetermined 

;- i 

Vj ... 

j work of breathing range, the control algorithms in the program control the pressure support 

I ventilation level of the ventilator 20 to selectively either increment, in step 460, when the 

work of breathing of the patient 10 is greater than the predetermined work of breathing 
range, or decrement, in step 470, when the work of breathing of the patient 10 is less than 
20 the predetermined work of breathing range, the selected pressure support ventilation level. 
The ventilator 20 may also alarm the operator that the patient's work of breathing is not 
within the desired work of breathing range. Aftereither incrementing the selected pressure 
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support level in step 460 or decrementing the selected pressure support ventilation level 
* in step 4'70 , the ventilator 20 steps back to step 420 and supplies' breathing gas 32 to the 
patient 10 at the incremented/decremented selected pressure support ventilation level. If 
the selected pressure support ventilation level is not incremented or decremented in steps 
5 460 and 470, the ventilator 20, after step 470, steps back to step 430. 

However, if, in step 450, the work of breathing of the patient 10 is within the 
predetermined work of breathing range, the operator is advised, in step 480, of the selected 
pressure support ventilation level as the target selected pressure support ventilation. 
10 Further, if the selected pressure support level has been either incrementally or 
decrementally moved, in steps 460 and 470, from the initial value of the selected pressure 
support level to determine the target pressure support ventilation, in step 490, the selected 
pressure support ventilation level is restored to the initial value of the selected pressure 
support ventilation level. 

15 

Thus, preferably, in the normal operating mode of the open-loop operation of the 
present invention, the operatorneeds only to input the desired work of breathing range and, 
if required, the compliance and resistance of the respiratory system. The ventilator 20 then 
preferably applies pressure support ventilation at a low initial pressure support ventilation 
20 level, such as 0 or 2 PSV units. The ventilator 20 will then continue to incrementally 
increase the selected pressure support ventilation level until the work of breathing is within 
the desired work of breathing range. The selected pressure support ventilation that 
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maintains the patient's work of breathing within the predetermined work of breathing 
' range is then displayed to the operatOr'as the target pressure support ventilation level and * 
the selected pressure support ventilation level of the ventilator 20 is restored to deliver the 
pressure support ventilation at the initial pressure support ventilation level. 

5 

When the operator makes the intervention necessary in the open-loop approach, i.e. , 
manually selecting the target pressure support ventilation level as the initial selected 
pressure support ventilation level, the ventilator 20 delivers the breathing gas 32 to the 
patient 10 at the selected pressure support ventilation level and the work of breathing of 

10 the patient 10 is monitored based on the sensed pressure and measured flow rate of the 
breathing gas 32 within the ventilator conduit 40. As one skilled in the art will appreciate, 
the ventilator 20 will continue to monitor the patient's work of breathing, continue to 
control the selected pressure support ventilation level of the ventilator 20, if necessary, to 
determine the target pressure support ventilation level by incrementing the selected 

15 pressure support ventilation level of the ventilator 20 if the patient's work of breathing is 
greater than the desired work of breathing range or by decrementing the selected pressure 
support ventilation level of the ventilator 20 if the patient's work of breathing is less than 
the desired work of breathing range, continue to display the target pressure support level 
to the operator, and continue to restore the selected pressure support ventilation level to 

20 the initial selected pressure support ventilation level until the ventilator 20 is reset. 
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The closed-loop operation of the first embodiment of the present invention is 
■ " similar to the open-loop operation with the exception that the ventilator 20 of the closed- 
loop operation automatically determines, sets, and delivers the pressure support ventilation 
level during pressure support ventilation that will maintain the patient's work of breathing 

5 within the desired predetermined work of breathing range. Referring to Fig, 5, a general 
overview of the closed-loop operation is shown. Just as in the open-loop operation 
described above, the monitoring means is responsive to the pressure signal and the flow 
signal to continually determine the work of breathing of the patient 10. The monitoring 
means compares the determined work of breathing of the patient 10 to a predetermined 

1 0 work of breathing range and generates a response signal based on the comparison when the 
patient's work of breathing is not within the predetermined work of breathing. Then, in 
response to the response signal of the monitoring means, the alarm means may generate 
an alarm that is suitable for alerting an operator that the patient work of breathing is not 
within the predetermined work of breathing range and the regulating means adjusts at least 

15 one of the actuators 26 of the pneumatic system 22 of the ventilator 20, if necessary, to 
adjust the selected pressure support ventilation level of the breathing gas 32 supplied to the 
patient 10, Thus, the regulating means, which is responsive to the response signal, 
increments the selected pressure support ventilation level provided by the ventilator 20 if 
the patient's work of breathing is greater than the predetermined work of breathing, or 

20 decrements the selected pressure support ventilation level delivered by the ventilator 20 
if the patient's work of breathing is less than the predetermined work of breathing. The 
regulating means may increment/decrement the selected pressure support ventilation level 
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by a constant level value, such as lor 2 PSV units, or by a variable level value which is 
*■ * preferably based on the proportiorial difference' between the work of breathing of the 
patient 10 and the predetermined work of breathing range. This incrementing and/or 
decrementing process continues until a selected pressure support ventilation level is 
5 reached wherein the patient's work of breathing is within the predetermined work of 
breathing range. 

The monitoring means detects when the patient's work of breathing is within the 
predetermined work of breathing range and may generate a level signal in response thereto. 

10 The monitoring means, in response to the level signal, may store the selected pressure 
support ventilation level as a target pressure support level which is indicative of the 
pressure support ventilation level, during pressure support ventilation, which will provide 
the patient 1 0 with a work of breathing within the desired predetermined work of breathing 
range. Further, the monitoring means may display this target pressure support level to the 

15 operator to advise them of the appropriate pressure support level currently being supplied 
to the patient 10 by the ventilator 20 to maintain the patient's work of breathing within the 
desired predetermined work of breathing range. 

Thus, in the closed-loop operation, upon the input of the desired predetermined 
20 work of breathing range (and the predetermined compliance and resistance of the 
respiratory system, if required) in Block 510, the ventilator 20 begins to provide pressure 
support ventilation at an initial value of the selected pressure support ventilation level, as 
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shown in Block 520. The monitoring means, in Block 530, then monitors the work of 
breathing of the patient 10 and/when the work of breathing isnot within the desired work 
of breathing range, determines, in Block 540, the target pressure support ventilation level 
that would maintain the patient's work of breathing within the desired predetermined work 
5 of breathing range. Concurrent with the determination of the target pressure support 
ventilation level, the operator may be alerted via the alarm means that the selected pressure 
support ventilation level is not providing pressure support ventilation that can maintain the 
patient's work of breathing within the predetermined work of breathing range (i.e. 9 the 
ventilator 20 is not providing the quality and/or quantity of pressure support ventilation 

10 necessary for the patient's current physiology). Subsequent to the determination of the 
target pressure support ventilation level, the operator, in Block 550, may be advised of the 
target pressure support ventilation level that has been selected by the monitoring means for 
delivery of the requisite level of pressure support ventilation that will bring the patient's 
work of breathing within the desired range. The monitoring means then, as shown in 

15 Block 560, automatically begins to delivery pressure support ventilation to the patient 10 
at the target pressure support ventilation level. No intermediate or intervening actions are 
required from the operator for the ventilator 20 to continually monitor the work of 
breathing of the patient 10 and to determine and automatically deliver the appropriate 
pressure support ventilation level that will maintain the patient's work of breathing within 

20 the desired predetermined work of breathing range. Rather, the operator of the ventilator 
20 may be simply advised that a change in the selected pressure support ventilation level 
has been made to adequately support the current physiological needs of the patient 10. 
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After Block 560, the delivery of the breathing gas 32 to the patient 10 at the target pressure 
support ventilation level, the ventilator 20 returns to Block 520 Vo monitor the work of 
breathing of the patient 10. Blocks 520 to 560 continue until the ventilator 20 is reset by 
the operator. The closed-loop operation thereby provides for the automatic pressure 
5 support ventilation support in response to the changing status needs of the patient 10 by 
automatically setting and supplying pressures support ventilation at the selected pressure 
support ventilation level (Le. % the target pressure support ventilation level) that will 
maintain the patient* s work of breathing within the desired predetermined work of 
breathing range. 

10 

Fig. 6 shows a flowchart for a preferred embodiment of the software that controls 
the closed-loop operation of the present invention. The program continues to execute as 
long as the ventilator 20 is not reset. At step 600, the input parameters are selected, such 
as the desired predetermined work of breathing range, the predetermined compliance and 

15 resistance of the respiratory system, if required, etc. The initial value of the selected 
pressure support level may also be selected, however, it is preferred that the initial value 
of the selected pressure support level start at zero so that the ventilator 20 can subsequently 
increment the pressure support ventilation level until the target pressure support ventilation 
level is determined. At step 610, the ventilator 20 supplies breathing gas 32 to the patient 

20 10 via the ventilator conduit 40 at the selected pressure support ventilation level. At step 
620, the pressure of the breathing gas 32 is sensed and the flow rate of the breathing gas 
32 is measured. At step 630, the work of breathing of the patient 10 is calculated from the 
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sensed pressure and the measured flow rate of the breathing gas 32. In step 640, the work 
• • of breathing is monitored arid if the Work Of breathing of the patient 10 isr not within the 
predetermined work of breathing range, the operator may be alarmed in step 650 that the 
patient's work of breathing is not within the desired work of breathing range and the 

5 control algorithms in the program control the pressure support ventilation level of the 
ventilator 20 to selectively either increment, in step 660, when the work of breathing of the 
patient 1 0 is greater than the predetermined work of breathing range, or decrement, in step 
670, when the work of breathing of the patient 10 is less than the predetermined work of 
breathing range, the selected pressure support ventilation level. After either steps 660 or 

10 670, the ventilator 20 then steps back to step 610 and supplies breathing gas 32 to the 
patient 10 at the incremented/decremented selected pressure support ventilation level. If, 
in step 640, the work of breathing of the patient 10 is within the predetermined work of 
breathing range, the operator may be advised, in step 680, of the selected pressure support 
ventilation level as the target selected pressure support ventilation and the ventilator 20 

1 5 steps back to step 620. 

Thus, in the normal operating mode of the closed-loop operation, the operator 
needs only to input the desired work of breathing range and, if required, the compliance 
and resistance of the respiratory system. The ventilator 20 then preferably initiates 
20 pressure support ventilation at a low initial pressure support ventilation level, such as 0 or 
2 PSV units. The ventilator 20 will then continue to incrementally increase the selected 
pressure support ventilation level until the work of breathing is within the desired work of 
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breathing range. The selected pressure support ventilation that maintains the patient's 
work* of breathing may then be displayed fo the operator as the target pressure* support 
ventilation level. Upon determination of the target pressure support ventilation level, the 
ventilator 20 automatically delivers the breathing gas 32 to the patient 10 at the selected 
5 target pressure support ventilation level corresponding to the target pressure support 
ventilation level without need for operator intervention. 

As one skilled in the art will appreciate, the closed-loop operation will continue to 
monitor the patient' s work of breathing, to control the selected pressure support ventilation 

10 level of the ventilator 20, if necessary, to determine the target pressure support ventilation 
level by incrementing the selected pressure support ventilation level of the ventilator 20 
if the patient's work of breathing is greater than the desired work of breathing range or by 
decrementing the selected pressure support ventilation level of the ventilator 20 if the 
patient's work of breathing is less than the desired work of breathing range, and continue 

15 to supply pressure support ventilation to the patient 10 at the selected pressure support 
ventilation level corresponding to the target pressure support ventilation level until the 
ventilator 20 is reset. 

As one skilled in the art will further appreciate, the work of breathing can be 
20 derived from the pressure signal and the flow signal by any means know to the art. 
However, in response to the inadequacies of the conventional approaches of applying 
pressure support ventilation which depend on either assessing a patient's breathing pattern 
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or of directly measuring the work of breathing of the patient 10 which are either inaccurate 
* or difficult to measure," it is preferred that the work of breathing of the patient 10 be 
derived from the average respiratory muscle pressure of the patient 10. Therefore, it is 
preferred that the monitoring means is responsive to the pressure signal and the flow signal 

5 to continually determine the respiratory muscle pressure of the patient 10 and then to 
continually determine the average respiratory muscle pressure of the patient 10 over a 
selected number of serial breaths. To simply and enhance the accuracy of the calculation 
of the work of breathing of the patient, the present invention may depend on the 
determination of the average respiratory muscle pressure to act as an accurate surrogate of 

10 the work of breathing of the patient 10. The respiratory muscle pressure is significantly 
easier to measure then the direct measure of the work of breathing of the patient 10 and is 
determined from routinely measured data. 

The preferred embodiment of the method for continuously measuring the work of 
15 breathing of the patient 10 from the average respiratory muscle pressure of the patient 10 
with the ventilator 20 of the present invention is illustrated in Figs.4, 6, and 7. First, the 
flow rate sensor 90 and the pressure sensor 100 are positioned so that they are disposed in 
the flow path of the gas 32 within the ventilator conduit 40. Preferably, the flow rate 
sensor 90 is interposed, for convenience, between the wye piece 48 and the proximal end 
20 58 of the endotracheal tube 54 and the pressure sensor 100 is disposed in series next to the 
flow rate sensor 90 at the proximal end 58 of the endotracheal tube 54. If a differential 
pressure analyzer 92 is used as a flow rate sensor, the differential pressure analyzer 92 may 
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operate as both the pressure sensor 100 and the flow rate sensor 90, if desired, as the 
* differential pressure analyzer 02 has the inherent capacity to* generate; both the requisite * 
pressure signal and the flow signal. 

5 Next the measurement process is started by enabling the microprocessor 60. When 

the measurement process is started, as shown in steps 420, 610 and 700, the flow rate 
sensor 90 measures, preferably continuously, the flow rate of the breathing gas 32 within 
the ventilator conduit 40 and generates a flow signal representative of that flow rate which 
is transmitted toward the processor 60 via line 111. If required, the flow signal is then 

10 digitized by the first A/D converter 110 operating at an appropriate sampling frequency. 
The digitized flow signal is then passed to the microprocessor's memory 62 for storage, 
for a predetermined time delay, prior to further processing. Referring to step 710, the tidal 
volume is extracted from the flow signal by integrating the flow signal data over time (V T 
= /v dt). The resulting data is representative of the measured tidal volume and is passed 

15 to the microprocessor's memory 62 for storage prior to further processing. 

Similarly, the pressure of the breathing proximate the pressure sensor 1 00 is sensed, 
preferably continually, and generates a pressure signal representative of that pressure which 
is transmitted toward the microprocessor 60 along line 1 13. If required, the pressure signal 
20 is then digitized by the second A/D converter 112 operating at an appropriate sampling 
frequency. The digitized pressure signal is then passed, for a predetermined time delay, 
to the microprocessor's memory 62 for storage prior to further processing. 
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In step 720, if desired, a real-time calculation of Crs and Rrs may be determined. 
Thence, in step 730, the average respiratory muscle pressure over a serial number of 
breaths (Pmus avgN (t)), of the patient 10 is determined (hereinto referred to as the "average 
respiratory muscle pressure). A three step procedure is preferably utilized to determine 
5 Pmus avgN (t). First, using the equation of motion formula, where t is the time the pressure 
and flow rate are measured and/or sensed during an inspiration effort of the patient 10, the 
real-time respiratory muscle pressure is determined: 

Pmus(t) = Pao(t) -[(Vao(t) / Crs) - (Vao(t) x Rrs)] - baseline pressure; 

where: 

10 Pmus(t): the real-time respiratory muscle pressure during inhalation; 

Pao(t): the pressure of the breathing gas sensed derived from the pressure sensor 

100; 

Vao(t): the tidal volume of the breathing gas derived from the flow rate sensor 90; 
Vao(t): the flow rate of the breathing gas derived from the flow rate sensor 90; 
15 baseline pressure: the baseline pressure of the ventilator 20 (i.e., atmospheric 

pressure or the PEEP of the ventilator 20); 

Crs: the predetermined static compliance of the respiratory system; and 
Rrs: the predetermined resistance of the respiratory system. 

20 Second, the average respiratory muscle pressure during the inspiratory period of a 

single breath is determined by averaging the determined real-time respiratory muscle 
pressure taken over the duration of the inspiratory period: 
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Pmus. v .(t>= J (Pmus(t))dt; 
o 

where: 

5 Pmus avg (t) = the average respiratory muscle pressure during the inspiratory period 

of a single breath; 

t = 0 is the beginning of the inspiratory period by the patient 10 (the beginning of 
inspiration by the patient 10) ; and 

Ti = is the end of the inspiratory period of a single breath (the end of inspiration by 
10 the patient 10). 



Finally, the average respiratory muscle pressure over a serial number of breaths is 
determined by averaging the determined Pmus avg (t) over the serial number of breaths: 

Pmus avgN (t) = 1/N [ i Pmus avg (t).. 

breath = 1 

where: 

20 Pmus avgN (t) = the average respiratory muscle pressure of the patient 1 0 over a serial 

number of breaths; and 

N = the number of serial breaths. 
The determined average respiratory muscle pressure (Pmus avgN (t)) of the patient 10 is stored 
in the microprocessor's memory 62 for further processing. 
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The above equation of motion is well known to those skilled in the art. However, 
theuse of the equation of motion to subsequently derive values of I^nius^Cty determined • 
over a serial number of breaths and its correlation to the work of breathing of the patient 
1 0 is not known. For enhanced accuracy, it is preferred that the average respiratory muscle 
5 pressure (Pmus avgN (t)) of the patient be determined from any serial five breaths of the 
patient 10. 

The constants for the compliance (Crs) and the resistance (Res) of a respiratory 
system for the above equation of motion are determined by methods well known in the art. 

10 The values for Crs and Rrs may be determined statically, Le. 9 prior to the initiation of the 
ventilation procedure using the ventilator 20 of the present invention, or on a real-time 
basis, Le., immediately prior to the determination of the average respiratory muscle 
pressure in step 730. The preferred static method for determining Crs and Rrs of the 
respiratory system is known as the end-inspiratory pause methodology. Referring to Figs. 

15 8A - 8C, prior to the initialization of the ventilator 20 in steps 400 and 600, the patient's 
spontaneous breathing is temporarily stopped by the injection of a muscle relaxant. The 
ventilator 20 then supplies breathing gas 32 to the patient 10 at a constant flow rate (V) and 
the pressure sensor 100 detects the peak inflation pressure (PIP) sensed at the airway 
opening Pao (z.e., the pressure of the breathing gas 32 proximate the pressure sensor 100), 

20 prior to the initiation of an inhalation hold. During the subsequent inhalation hold, no flow 
rate of breathing gas 32 is delivered to the patient 10 for a preselected period of, for 
example, 0.5 to 1.0 seconds. At the end of the inhalation hold, the pressure sensor 100 
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detects the plateau pressure (Pplat), indicative of the level of the static elastic recoil 
pressure, of the respiratory system. After the previously dete^ 

elapses, passive exhalation of the gas 32 is permitted. Further, the end inspiratory 
pressure, Le. the baseline pressure, is detected by the pressure sensor 100. The tidal 
5 volume of the gas 32 is derived from the measured flow rates during the breathing cycle. 
The peak inhalation pressure, the plateau pressure, the end inspiratory pressure and the 
tidal volume of the breathing gas 32 may be stored in the microprocessor's memory 62 for 
further processing. The end-inspiratory pause procedure provides the following 
measurements: 

10 V: the flow rate, in L/sec, of the breathing gas 32 during the breathing cycle; 

V T : the tidal volume, in L, of the exhaled breathing gas 32; 

PIP: the peak inspiratory pressure, in cm H20; 

Pplat: the plateau pressure, in cm H20 of the respiratory system; and 

baseline pressure: the atmospheric pressure or the PEEP, in cm H20. 
15 The Crs and the Rrs of the respiratory system are then calculated using the formulas: 

Crs = V T / (Pplat- baseline pressure); and 

Rrs = (PIP -Pplat) /V. 
Such static measurements of Crs and Rrs may be input into the microprocessor's memory 
62 in steps 410 or 610 and the real-time measurement of Crs and Rrs in step 720 may then 
20 be bypassed. 
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Real-time measurement of the Crs and Rrs of the respiratory system is preferred 
over the static measurement "of the Crs aitd Rrs of the "respiratory system because the Crs 
and Rrs of the respiratory system may change during ventilatory support. Real-time 
methods for determining the Crs and Rrs, which may be implemented at step 720, allow 
5 for the determination of the Crs and Rrs "on the fly" which results in real-time 
computation and real-time values for the Crs and Rrs constants of the respiratory system. 
Some dynamic methods for determining Crs and Rrs include using the following formula 
for the computation of Crs: 

Crs = V T /PDP. 
10 Here, Rrs in assumed as a constant value. 

However, the preferred method for dynamically determining the Crs and Rrs of the 
respiratory system is to use a least-squares method which was first described by Wald et 
al. in the late 1960s. Resistance (Rrs) and Compliance (Crs) were computed based upon 
15 the measurement of patient airflow, volume and intraesophageal pressure (or airway 
pressure). Other researchers have applied this approach to more complicated models of 
the respiratory system that have included higher order terms and terms for inertance. 

The least-squares fitting method assumes a specific model for the respiratory 
20 system, which is common in the respiratory mechanics literature (/.*., Stocks et al.), and 
fits the waveform data to that model. It is applied during the inspiration, expiration, and 
over the whole breath cycle. It uses all of the data points in the breath cycle and tends to 
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be a more robust method than methods such as the Jonson or Suter methods for resistance 
* whicK- rely on the difference between two points in the breathing "cycle and which are 
incorporated herein by reference. In the least-squares method, the lung is assumed to be 
a single compartment, the linear model mathematically expressed as: 
5 Pi =(I/Crs)Vi+RrsVi 

where 

Rrs is the resistance of the respiratory system; 
Crs is the compliance of the respiratory system; 
Vi is the i d ' volume sample; 
10 Vi is the i lh flow sample; and 

Pi is the i d ' pressure difference (where the pressure difference is the pressure 
relative to a baseline level which may be either atmospheric pressure or PEEP). 

The least-squares fitting method minimizes the summed squared errors between all 
1 5 of the observed pressure data points in the pressure wave form (P 0 bserved) anc * a best fit 
pressure curve (P B estfit)* Th e least squares method minimizes the sum of squared errors 
(S) between P 0B survhd and P BEST m : 

S = ^ ( PbESTFTT ' P OBSERVED 

20 

To "minimize" the error between the best fit and the observed pressures, the partial 
derivatives of S with respect to Rrs and Crs are computed, set to zero and solved for Rrs 
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and Crs. This results in expressions for Rrs and Crs consisting of cross-products of 
volume and flow* pressure and volume and flow themselves. 

Rrs = [(£V 2 £PV)-(EPV EVV)]/[(EV 2 EV 2 )- (EV V) 2 ]; and 

5 

Crs= EV 2 /[EPV-(RrsEW);. 

where 

Rrs is the resistance of the respiratory system; 
Crs is the compliance of the respiratory system; 
10 V is the volume sample; 

V is the flow sample; and 

P is the pressure difference (where the pressure difference is the pressure sensed 
relative to a baseline level which may be either atmospheric pressure or PEEP, e.g., 
P^- PEEP level). 

15 The summations of these cross-products are accumulated throughout the inspiratory and 
expiratory portions of the breath from which the real-time compliance and resistance are 
calculated. Thus, these calculations, which are computationally intensive, are computed 
real-time throughout the breath cycle using running summations. 

20 The determination of the compliance value is based upon the pressure, flow rate, 

and volume data samples sensed or measured by the pressure and flow rate sensors 100, 
90 for a complete breath from the beginning of inspiration to the end of expiration. The 
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inspiratory and expiratory resistance values are based upon based upon the pressure, flow 
rate, and' volume* data sample's sensed "of measured by the pressure' and flow rale Sensors * 
100, 90 for the inspiratory and expiratory portions of the cycle, respectively. Assuming 
that the determined Crs for the whole breath is the same during inspiration and exhalation, 
5 then 

Rrs = [ ( £PV - EV 2 )/Crs ] / EW. 

Basically, the least-squares method of determining Crs involves sampling pressure- 
10 volume data points over an entire breath cycle and then minimized the sum of the square 
measurement errors between the observed pressure- volume curve and a best fit pressure- 
volume curve using standard statistical analysis well known in the art. Rrs is then 
determined based on the equation above. Real-time analysis of Crs and Rrs provides a 
simple method of measuring respiratory system compliance during mechanical ventilation, 
15 thereby obviating the need for sedation / paralysis and modification of the patient's 
breathing pattern required by the end-inspiratory pause methodology. Determi ning Crs and 
Rrs on a real-time basis provides the benefits of knowing the physiological condition, in 
terms of compliance and resistance, of the patient's respiratory system at the moment of 
calculation, and reducing the drug and manpower costs of repeating the end-inspiratory 
20 pause methodology several times a day. 
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Next, in step 740, the work of breathing of the patient 10 is determined. Through 
the discovery that there is a highly predictive relationship between the average respiratory 
muscle pressure (Pmus avgN (t)) and the work of breathing of the patient 10 (WOB), the 
resultant current value of the patient's average respiratory muscle pressure may then be 
5 correlated to the work of breathing of the patient 10, as shown in step 740, by applying the 
following predictive relationship: 

WOB = a + b (Pmus avgN (t)) + c (Pmus avgN (t)) 2 
where WOB is the work of breathing of the patient 10 in Joule/L, Pmus avgN (t) is the current 
value of the average respiratory muscle pressure of the patient 10 in cm H20, and a, b, and 
10 c are constants dependent upon experimental data. The work of breathing of the patient 
10 may then be recorded on a hard copy device such as a printer or may be visually 
displayed to the operator. The work of breathing of the patient 10 may also be stored in 
the memory 62 of the processor 60 for future use. 

15 As mentioned above, the methodology of the preferred means for determining the 

work of breathing of the present invention results from the discovery that the average 
respiratory muscle pressure of the patient 10 presents a strong correlation to the work of 
breathing of the patient 10. This discovery resulted from statistical analysis of the 
correlation between the average respiratory muscle pressure of the patient 10 on one hand, 

20 and the work of breathing obtained through conventional methodologies. 
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Twenty-two adults were intubated and mechanically ventilated. The Crs and Rrs 
* of the respiratory systerfi were predetermined* using the end-inspiratory pause procedure' 
describe above. Data from a mainstream flow rate sensor, positioned between the 
proximal end 58 of the endotracheal tube 54 and the wye piece 48 of the ventilator conduit 
5 40, and a pressure sensor 1 00 positioned near the wye piece 48 and the distal end 56 of the 
endotracheal tube 54, were directed to a processor 60 such as illustrated in Fig. 2, for 
determination of the average respiratory muscle pressure of the patient 10 simultaneously 
with the actual work of breathing of the patient 10. 

10 To determine the actual work of breathing of the patient 10, a conventional work 

of breathing measurement technique known to those skilled in the art was used. A 
nasogastric tube with an incorporated esophageal balloon was inserted to measure intra 
esophageal pressure (Pes); correct position of the nasogastric tube was ascertained using 
the occlusion test. A second flow rate sensor was positioned in series between the 

15 endotracheal tube 54 and the wye piece 48 to measure the volume of the gas 32 at the 
proximal end 58 of the endotracheal tube 54 (Vao). Pes and Vao were directed to a 
respiratory monitor, a Bicore monitor, that provided real time measurement of the patient's 
total actual work of breathing using the Campbell diagram and commercially available 
Campbell diagram software (which plotted the change in volume plotted over Pes during 

20 spontaneous inhalation and exhalation of the patient 10, determined the flow resistive work 
of breathing and the elastic work of breathing of the patient 10, and summed the 



WO 00/45880 PCT/US00/02669 

56 



determined flow resistive work of breathing and the elastic work of breathing to compute 
" the total actuail work of breathing of the patient 10). * 

The following data were developed for each set of measurements: 
5 Pao(t): the pressure sense4 proximate the pressure sensor, 

Vao(t): the tidal volume of the breathing gas 32 derived from the flow rate sensor; 

Vao(t): the flow rate of the breathing gas 32 proximate the flow rate sensor; 

baseline pressure: the baseline pressure of the ventilator 20 (z.e., atmospheric 
pressure or the PEEP of the ventilator 20); 
10 WOB: the actual total work of breathing of the patient 10; 

Pmus(t), from: 

Pmus(t) = Pao(t) - [(Vao(t) / Crs) - (Vao(t) x Rrs)] - baseline pressure; 
Pmus avg (t), from: 

15 Pmus avg (t) = J T (Pmus(t))dt; 

o 

where t = 0 at the beginning of inspiration and t = T s at the end of inspiration; and 

20 

Pmus avg5 (t), from: 



Pmus avg5 (t) =1/512, Pmus avg (t)J 

25 breath = 1 



where Pmus aYg5 (t) is the average respiratory muscle pressure over five serial breaths of the 
patient 10. 
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The results of a correlation analysis of Pmus avg5 (t) and WOB for each of the j 
measured sets of data showed a ^ * * * I 

WOB. The regression analysis fields the following predictive polynomial relationship: 4 

WOB = a + b (Pmus avg5 (t)) + c(Pmus avg5 (t)) 2 
5 where WOB is the work of breathing of the patient 10 in J/min, Phius^OO is the current 
value of the average respiratory muscle pressure of the patient 10 measured over a serial 

X 

five breath time period, and a, b, and c are constants, the value of which depends upon the | 
experimental data. For example, referring to the experimental plot illustrated in Fig. 10, i 
the experimental data points represen tati ve of the twenty-two measurements taken on the 

10 patients 10, using the average respiratory muscle pressure derived from a serial five breath 
average are shown against an x-axis representative of average respiratory muscle pressure 
Pmus avg5 (t) (cm H20) and a y-axis representative of the WOB simultaneously derived 
using the conventional methodology described above. Statistical analysis yielded curve 
having the constant values for the predictive relationship of: 

15 a = -0.075; 
b = 0.1; and 

c =0.004. ; 

Still referring to Fig. 1 0, the positive and significant correlation between Pmus and 
20 WOB of the patient 10 (r = 0.95) indicates that the current value of average respiratory 
muscle pressure Pmus avgN (t) from the sensed flow rate and pressure of the breathing gas 32 
is a good predictor of the work of breathing of the patient 10 (r = 0.90). 
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It must be emphasized that the above equations are merely exemplary and represent 

. • . . . • • . . *• » . *• ...» 

the best correlations/predictions obtained by regression analysis, using an alpha set at 0.05 

for statistical significance, on a limited set of patients 10 thus providing only a limited set 

of measurements. The measurements were made under clinical conditions and no attempt 

5 was made to select the best data or to determine the reason for readings that departed 

significantly from the average value. In addition to obtaining larger and more carefully 

controlled data samples, it is probable that the predictive equation could be further 

improved by using more sophisticated analysis. 

10 The above results demonstrate, however, that the determination of the average 

respiratory muscle pressure of the patient 10 may provide a simple and easy method for 
predicting the measured level of the work of breathing of the patient 10. 

Tracheal Pressure Ventilator Control 

15 

Fig. 10 shows a second embodiment of a medical ventilator 20 of the present 
invention. The construction of the second embodiment is similar to the first embodiment 
and, accordingly, use the same reference numbers for similar components. The 
components in Fig. 10 that use the same reference numbers as in Figs. 1-2 are substantially 
20 equivalent and, therefore, the description thereof is omitted for the second embodiment. 
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During spontaneous or assisted ventilation, the patient 10 is required to "work" ( 
* to varying degrees )'by Osfng the fespiratofy ittuscles in drdef to breath. This ^6ric of 
breathing of a patient 10 breathing spontaneously during ventilatory support by a medical 
ventilator 20 may be divided into two components: first, the imposed work of breathing 

5 of the breathing apparatus; and second, the physiologic work of breathing of the patient 10. 
The imposed work of breathing is the resistive work of breathing imposed by the breathing 
apparatus (the physical construct of the entire ventilation support external to the patient* 
lungs 14, Le. % the endotracheal tube 54, the ventilator conduit 40, the medical ventilator 20, 
etc.) upon the spontaneously breathing patient 10 receiving ventilator support. The 

10 physiologic work of breathing of the patient 10 consists of two components: first, the 
resistive work of breathing of the airways of the patient 10, and two, the elastic work of 
breathing of the lungs 14 and the chest wall. It is desirable to reduce or, even more 
desirable, to nullify the imposed work of breathing as the patient 10 may be detrimentally 
affected by an excessively high expenditure of energy early in the inspiration process 

15 caused by the respiratory muscle force required to overcome the imposed work of 
breathing of the breathing apparatus. Patient's may fatigue under the imposed work of 
breathing workload which predisposes the patient 10 to respiratory muscle fatigue, 
respiratory distress, respiratory or ventilator dependancy, and/or failure. Nullification of 
the imposed work of breathing also allows for the contemporaneous determination of the 

20 physiologic work of breathing. 
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Conventional methods and apparatus for reducing or minimizing the imposed work 

" of breathing arc inadequate: Typically; thesfe conventional efforts rely up&ri a means 6f 
"triggering" the ventilator 20 to supply inspiratory ventilation support upon the sensing of 
an inspiration effort. The conventional means for triggering the ventilator 20 may be 

5 classified as either pressure or flow-by triggering. In conventional pressure triggering, the 
withdrawal of the small volume of gas 32 that occurs as a breath is initiated by the patient 
10 results in a corresponding drop in pressure which is monitored via a pressure sensor that 
is typically disposed within the ventilator conduit 40 at or near the wye piece 48 or within 
either the inhalation conduit 42 or the exhalation conduit 45. At the onset of spontaneous 

10 inhalation by the patient 10, the pressure change is detected at the pressure sensor which 
functions to trigger the ventilator 20 "ON" to then actively inflate the lungs 14 of the 
patient 10 during ventilation support. Several disadvantages are associated with the use 
of conventional pressure triggering to reduce the imposed work of breathing. First, the 
chosen pressure measurement sites produce a pressure signal that measures the pressure 

15 of the breathing gas 32 proximate the pressure sensor which is remote from the actual 
intratracheal pressure drop occurring within the patient's trachea during initiation of the 
spontaneous inhalation effort. The pressure drop sensed by the pressure sensor is then used 
as a basis for regulating or controlling the amount of pressure or flow rate (to generate the 
requisite pressure) of breathing gas 32 applied to the lungs 14. Because the chosen sites 

20 are so remote from the lungs 14 of the patient 10, the resulting pressure measurements are 
an inherently inaccurate measurement of the pressure on the airways and lungs 14 of the 
patient 10 which causes a marked increase in the effort or work to inhale by the patient 10 
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as the regulated amount of breathing gas 32 applied to the patient 10 is calculated in error 
due to the "approximated" value of the pressure drop sensed. 

Second, and once again because of the remote pressure sensing measurement sites, 

5 in conventional pressure triggering there is a significant amount of lag time and associated 
negative pressure that always occurs between the onset of the patient's inspiratory effort 
and the time that the gas pressure or flow reaches the patient's airway. This lag time is 
generally referred to as a ventilator's response time, and commonly occupies a small by 
significant portion of a patient's total inspiration time. The pressure waves that are 

10 indicative of the pressure drop travel to the pressure sensor at the speed of sound in the 
breathing gas 32, which is approximately 1 millisecond per foot. Due to factors inherent 
in conventional ventilator design and the prior art locations of the pressure sensing site, the 
resulting patient inspiration effort can typically continue for as long as 40 to 500 
milliseconds without ventilator assistance. Thus, under the conventional pressure drop 

15 triggering schemes, the pressure drop, which a patient 10 is required to create in order to 
trigger a breath in a closed breathing circuit, can require a significant expenditure of energy 
by the patient 10. This imposed work of breathing on the patient 10 can be detrimental in 
that respiratory muscles already loaded and nearly fatigued by an operation or other patient 
conditions may continue to fatigue, which, if this process continues, may result in the 

20 failure or severe compromise of the ventilation support procedure. Additionally, the forced 
respiratory work required to trigger ventilation may be beyond the capacity of infants, 
small children, or patients' suffering from trauma or disease. 
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In flow-by triggering, the signal to cycle "ON" the ventilator 20 to deliver pressure 
or flo\v support of apatieWs inhalation effort is determined by monitoring the flow in the ' 
patient's ventilator conduit 40 or inside the ventilator 20. In such a system, a single flow 
rate sensor is typically positioned inside the ventilator 20 to monitor the flow of gas 32 that 
5 a patient 10 withdraws from the ventilator 20 via the ventilator conduit 40 and triggers a 
pressure or flow based breath support when the patient's inspiratory flow equals a certain 
level. However, such a closed system flow based trigger is not an improvement over a 
conventional pressure triggering system, because all of the same delays and work required 
of the patient 10 (i'.e M imposed on the patient 10) are still present. In addition, a significant 

10 negative pressure drop is still required to start the breath and there is no continuous flow 
to support the earliest phase of the breath. Significantly, even if there were some form of 
continuous flow to support the earliest phase of the breath in an effort to minimize the 
imposed work of breathing required of the patient 10 to cause the requisite negative 
pressure drop, the remote location of the flow rate sensor would still cause inappropriate 

15 application of the pressure or flow based breath support due to the inherent inadequacy of 
the measurement site. Therefore, in conventional triggering means developed to minimize 
the imposed work of breathing of the patient 10, the patient 10 must still overcome the 
substantial resistance and inertia of the breath triggering process. The second embodiment 
of the present invention overcomes the prior art limitations, and due to the diminimus 

20 response time, aids in reducing and effectively nullifying the imposed work of breathing 
of the patient 10. 
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Referring now to Fig. 10, the second embodiment of the present invention is i 
shown. The second embodiment of the present invention is directed to the tracheal 
pressure ventilation control of a medical ventilator 20 for supplying a breathing gas 32 for f 
use in a medical procedure, such as ventilation support. The breathing gas 32 is received 
5 into the medical ventilator 20 from a gas source 30 of one or more breathing gases 32 and 

the gas 32 exits the ventilator 20 in flow communication with a functionally open | 
ventilator conduit 40. The ventilator conduit 40 has a patient breathing attachment 50, i 
preferably an endotracheal lube 54, in fluid communication with the interior, le. 9 the lungs 
14 and airways, of the patient 10. i 

10 \ 
The pressure sensing means is disposed within the flow path of the gas 32 within 
the endotracheal tube 54. More particularly, in this embodiment, the pressure sensing 
means is preferably disposed near or proximate the distal end 56 of the endotracheal tube 
54. The pressure sensing means may be the means described above in the first 

15 embodiment above. However, it is preferred that the pressure is sensed using a catheter, 
well known to one skilled in the art, inserted within the endotracheal tube 54 [not shown]. 
The catheter has a distal end that is proximate the distal end 56 of the endotracheal tube 
54. It is more particularly preferred that the pressure sensing means be a pressure sensor ; 
100, such as a piezoresistive pressure sensor, embedded in the inner sidewall of the 

20 endotracheal tube 54 proximate the distal end 56 of the endotracheal tube 54 [not shown]. 
The pressure sensor 100 is in communication with the flow of gas 32 within the 
endotracheal tube 54. For example, the preferred pressure sensor 100 may be comprised 
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of a disposable endotracheal tube provided by Mallinckrodt Critical Care having a pressure 
sensor 100 embedded within a lumen hi the sidewall of the endotracheal tube 54 near the 
distal end 56 of the endotracheal tube 54. 

5 This position of the pressure sensor 100 allows the ventilator 20 to respond faster 

to breathing gas pressure changes and to provide a more accurate sensing of the breathing 
gas pressure within the lower end of a patient's trachea proximate the alveoli of the lungs 
14 of the patient 10. Therefore the ventilator 20, due to the virtual elimination of the lag 
time inherent in the transmittal of the requisite pressure waves and the resulting minimal 

1 0 ventilator response time and the more accurate pressure measurement of the actual pressure 
within the patient's lungs 14 resulting from the measurement of the gas pressure at the 
preferred distal end 56 of the endotracheal tube 54, may respond quickly and accurately to 
breathing gas pressure changes which nullifies the imposed work of breathing of the 
breathing apparatus. 

The monitoring means, such as a processor 60 or the preferred microprocessor 60, 
is connected to the pressure sensing means to monitor the pressure of the gas 32 proximate 
the pressure sensing means and is responsive to the output of the pressure sensing means. 
The monitoring means compares the output of the pressure sensing means to a 
20 predetermined baseline pressure, which is inputted by the operating clinician and stored 
in memory 62, and, if it is determined that the pressure of the gas 32 proximate the 
pressure sensing means is below the predetermined baseline pressure, generates a pressure 
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response signal based on the determination. However, if the monitoring means determines 

that the pressure of the gas 32 proximate the pressure sensing means exceeds the " * 1 

predetermined baseline pressure, the monitoring means generates a termination signal f 

thereof. 

5 . J 

As one skilled in the art will appreciate, the regulating means of the ventilator 20, I 
electrically coupled to the gas delivery means, may be responsive to the monitoring means f 
to regulate the pressure and/or flow rate of the breathing gas 32 provided to the patient 10 i? 
so that the pressure of the breathing gas 32 near the distal end 56 of the endotracheal tube 

10 54 is maintained at the predetermined baseline pressure. The regulating means, in response 

to the pressure response signal, adjusts at least one of the actuators 26 of the gas delivery ] 
means, as necessary, to increase the pressure and/or flow rate of the breathing gas 32 
delivered by the ventilator 20 so that the pressure of the gas 32 proximate the distal end 56 
of the endotracheal tube 54 is maintained at the predetermined baseline pressure. 

15 Similarly, the regulating means, in response to the termination signal, adjusts at least one 
of the actuators 26 of the gas delivery means, as necessary, to decrease the pressure and/or 
flow rate of the breathing gas 32 delivered by the ventilator 20 so that the pressure of the 
gas 32 proximate the distal end 56 of the endotracheal tube 54 is maintained at the 
predetermined baseline pressure. Thus, the regulating means, which is responsive to the 

20 pressure response signal and the termination signal of the monitoring means, adjusts at 
least one of the actuators 26 of the pneumatic system 22 of the ventilator 20 so that the 
output pressure of the breathing gas 32 exiting from the distal end 56 of the endotracheal 
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lube 54 is maintained at the predetermined baseline pressure. Preferably, the regulating 

. • » * . .* •*.■» *•*•*..** * * 

means is automatically and proportionally controlled in response to the monitoring means 

so that the pressure of the breathing gas 32 proximate the distal end 56 of the endotracheal 

tube 54 is maintained at the predetermined baseline pressure. 

5 

Because of the ability of the medical ventilator 20 of the second embodiment of the 
present invention to precisely control the pressure of the breathing gas 32 proximate the 
distal end 56 of the endotracheal tube 54 and to thereby nullify the imposed work of 
breathing, the use of the tracheal pressure ventilation control embodiment need not be 
10 restricted to present ventilatory support techniques. In fact, it is expected that the 
ventilator 20 of the second embodiment of the present invention will assist physicians to 
develop completely new ventilatory support techniques. 

In an effort to reduce both the patient's work of breathing to sustain a breath and 
15 to minimize the imposed work of breathing required by the patient 10 to trigger the 
ventilator 20 ( it is desirable to reduce the effort expended in both of these phases as a high 
level of work or effort by the patient 10 can cause further damage to a weakened patient 
10 or be beyond the capabilities of small or disabled patients 10), it is further anticipated 
and, indeed, expected that the second embodiment of the present invention would be used 
20 concurrently with any spontaneous or assisted mode of ventilator support know in the art 
that the clinician desires to use to reduce the patient's work of breathing to sustain a breath. 
Thus, the first embodiment of the ventilator 20 may be used concurrently with the tracheal 
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pressure ventilation control of the second embodiment of ventilator 20. While both the 
first embodiment and the second'emBodiment discussed herein are separately helpful in 
reducing the work to be performed by the patient 10 on the ventilator 20, it would be 
desirable to provide a ventilator 20, or ventilator system, that combined the work of 
5 breathing reduction concepts inherent in the first and second embodiments, to thereby 
enable the ventilator 20 to manage all phases of the energy expended by the patient 10. 
Such a level of performance is unavailable in current ventilators. 

As discussed above in the first embodiment, the work of breathing of the patient 
10 10 is monitored and the pressure support ventilation level that will maintain the patient's 
work of breathing within a predetermined work of breathing range is determined and either 
the pressure support ventilation level is set by the operating clinician, in the open-loop 
operation, or the pressure support ventilation level is controlled and set automatically by 
the ventilator 20 without operator required intervention, in the closed-loop operation. By 
15 setting the advised level of pressure support ventilation, the ventilator 20 improves the 
patient's efforts to breath by reducing the work to sustain a breath to the level of work 
desired by the clinician. In effect, the patient's work of breathing to sustain a breath is 
reduced because the appropriate quality and quantity of ventilation support is supplied to 
the patient 10 based on the patient's current pathophysiology. In the second embodiment, 
20 however, the pressure of the breathing gas 32 proximate the distal end 56 of the 
endotracheal tube 54 is monitored and controlled in real time to a defined set point to 
nullify the imposed work of breathing. The pressure sensor 100 is used as a pressure 
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feedback loop that will modulate the pressure or the total flow rate of the breathing gas 32 
supplied by the ventilator 20 to maintain the pressure of the breathing gas 32 exiting the 
distal end 56 of the endotracheal tube 54 at the predetermined baseline pressure. 

5 As will be noted, many components of the second embodiment are similar to those 

for the first embodiment with the significant differences being the pressure sensor 100 is 
disposed proximate the distal end 56 of the endotracheal tube 54 and the flow rate sensor 
90 is not required. If, however, the first embodiment of the ventilator 20 is used 
simultaneously with the second embodiment, the only significant difference, as would be 
10 apparent to one skilled in the art, is that the pressure sensor 100 of the first embodiment 
must be disposed proximate the distal end 56 of the endotracheal tube 54. 

If desired, the work of breathing of the patient 10 may be determined by any means 
known in the art such as the means described above in the first embodiment. However, 

15 when the second embodiment of the ventilator 20 is used, the work of breathing 
determined will be the physiologic work of breathing of the patient 10 as the imposed work 
of breathing would have been nullified by the ventilator 20. As one skilled in the art would 
appreciate, by nullifying the imposed work of breathing and allowing the measurement of 
the physiologic work of breathing of the patient 10, the simultaneous use of the second 

20 embodiment of the ventilator 20 with the first embodiment of the ventilator 20 allows the 
operator to maintain the level of pressure support ventilation that will maintain the 
physiologic work of breathing of the patient 10 within the predetermined work of breathing 
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range. The combination of the first embodiment of the ventilator 20 and the tracheal 
pressure ventilation control of the second embodiment of the ventilator 20 described herein 
for concurrent operation thus yields a ventilator 20 with an enhanced ability to minimize 
the work of breathing of the patient 10 in all phases of the ventilatory support cycle, with 
5 the corresponding therapeutic effects upon the patient 10, by more accurately responding 
to the patient's actual pathophysiology to beneficially reduce both the work required to 
sustain a breath and the work required to trigger the ventilator support selected. As one 
skilled in the arts would appreciate, a ventilator would be enhanced, and the overall work 
of breathing of the patient 10 reduced, through the concurrent use of the second 
10 embodiment of the present invention, tracheal pressure ventilation control, and any other 
pressure support mode selected by the clinician for spontaneous or assisted ventilation of 
the patient 10. 

Referring now to Fig. 1 1, the second embodiment of the ventilator 20 relates to a 
15 method of controlling, for any selected period of time, the ventilator 20 for nullifying the 
imposed work of breathing during the ventilation of a patient 10 supplied with a breathing 
gas 32 from the medical ventilator 20, the gas 32 being pressure and/or flow rate controlled 
by the ventilator 20, comprising the steps of: delivering the breathing gas 32 from the 
ventilator 20 into the endotracheal tube 54 and thence into fluid communication with the 
20 lungs 14 of the patient 10 in step 1 100; sensing the pressure of the breathing gas 32 within 
the endotracheal tube 54, particularly sensing the pressure of the breathing gas 32 in the 
flow path of the breathing gas 32 within the endotracheal tube 54 proximate the distal end 
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56 of the endotracheal tube 54 in step 1110; monitoring the pressure of the breathing gas 
32 from the sensed pressure to determine when the pressure of the breathing gas 32* 
proximate the distal end 56 of the endotracheal tube 54 deviates from a predetermined 
baseline pressure in step 1120; regulating the breathing gas 32 supplied by the medical 
5 ventilator 20 when it is determined that the pressure of the breathing gas 32 proximate the 
distal end 56 of the endotracheal tube 54 is less than the predetermined baseline pressure, 
preferably by controlling the ventilator 20 to increase the pressure and/or flow rate of the 
breathing gas 32 supplied by the ventilator 20 in step 1 130; and restoring the breathing gas 
32 supplied by the ventilator 20 to the predetermined baseline pressure prior to the next 

10 inhalation effort of the patient 10, preferably by controlling the ventilator 20 to decrease 
the pressure and/or flow rate of the breathing gas 32 supplied by the ventilator 20 when it 
is determined that the pressure of the breathing gas 32 proximate the distal end 56 of the 
endotracheal tube 54 is greater than the predetermined baseline pressure in step 1 140 . 
Preferably, the steps of regulating and restoring the ventilator 20 are automatically and 

1 5 proportionally controlled so that the pressure of the breathing gas 32 proximate the distal 
end 56 of the endotracheal tube 54 is maintained at the predetermined baseline pressure. 
The ventilator 20 continues to execute until reset in step 1 1 50. The ventilator method may 
also include the step of inputting a predetermined baseline pressure prior to the step of 
delivering the gas 32. 

20 

The method may also include the further step of determining the patient physiologic 
work of breathing. As noted above, this may be done by any method known in the art. 
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However, if the surrogate method of determining the work of breathing of the patient 10 
described in the first embodiment above is used, the method requires the steps of sensing • • | 
the flow rate of the breathing gas 32 in the ventilator conduit 40 and of determining the | 
patient physiologic work of breathing from the sensed pressure and the sensed flow rate 

5 of the breathing gas 32 by the steps described in the first embodiment above. | 

i 

Referring now to Fig. 12, a general flowchart for the second embodiment of the | 
present invention is illustrated. The flow chart shows a "while" loop that may be used 

■i 
i 

singularly or in combination with any type of ventilatory support technique to nullify the 
10 imposed work of breathing. The "while" loop continues to execute as long as the 
ventilator 20 is not reset. At Block 1200, the predetermined baseline pressure is selected. 
At Block 1210, the selected predetermined baseline pressure may be checked to verify their 
physiological acceptability. If the baseline pressure is not acceptable, Block 1220 sends 
an error message that is displayed via the alarm means and/or the display means to warn 
15 the clinician of the problem. If the baseline pressure is acceptable, then the tracheal 
pressure ventilation control is initialized when ventilator support is provided to the patient 
10 at Block 1230. At Block 1240, the pressure of the gas 32 proximate the distal end 56 
of the endotracheal tube 54 is monitored. At Block 1250, it is determined if the pressure 
of the gas 32 proximate the distal end 56 of the endotracheal tube 54 is greater than or less 
20 than the predetermined baseline pressure and the magnitude of the pressure deviation from 
the predetermined baseline pressure is determined. Then, at Block 1260, the control 
algorithms of the ventilator 20 automatically and proportionally tries to maintain the 
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pressure proximate the distal end 56 of the endotracheal tube 54 at the predetermined 
baseline pressure. The program continues to operate until it is reset at Block i270. 

Although the present invention has been described with reference to specific details 
5 of certain embodiments thereof, it is not intended that such details should be regarded as 
limitations upon the scope of the invention except as and to the extent that they are 
included in the accompanying claims. 
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What is claimed is: 

1 . A medical ventilator having a selectable pressure support ventilation level for 
providing pressure support ventilation to a patient supplied with a breathing gas from the 
medical ventilator, the gas being received into the medical ventilator from a gas source of 
one or more breathing gases and the gas exiting the medical ventilator being in flow 
communication with a functionally open ventilator flow conduit having a patient breathing 
attachment in fluid communication with the lungs of the patient, the medical ventilator 
comprising: 

a) pressure sensing means disposed within the ventilator conduit for sensing the 
pressure of the gas within the ventilator conduit; 

b) flow rate measuring means disposed within the ventilator conduit for 
measuring the flow rate of the gas within the ventilator conduit; 

c) monitoring means connected to the pressure sensing means and the flow rate 
measuring means for monitoring a patient work of breathing; and 

d) gas delivery means for pressure and/or flow rate controlling the gas so that 
the gas is delivered to the patient at a selected pressure support ventilation 
level. 



WO 00/45880 



74 



PCT/USOO/02669 



2. The medical ventilator of Claim 1 , wherein the monitoring means detects when the 
patient work of breafliing is not within a predetermined work of breathing fsuige and 
generates a response signal thereof. 

3. The medical ventilator of Claim I , wherein the monitoring means, responsive to 
the flow rate measured by the flow rate measuring means, determines a measured tidal 
volume of the breathing gas. 

4. The medical ventilator of Claim 3, wherein the monitoring means, responsi ve to 
the measured tidal volume of the gas in the ventilator conduit, the flow rate of the gas in 
the ventilator conduit, and the pressure of the gas in the ventilator conduit sensed by the 
pressure sensing means, determines an average respiratory muscle pressure of the patient, 
and wherein the monitoring means, responsive to the determined average respiratory 
muscle pressure, determines the patient work of breathing. 

5. The medical ventilator of Claim 2, further comprising alarm means responsive to 
the response signal to generate an alarm suitable for alerting an operator that the patient 
work of breathing is not within the predetermined work of breathing range. 

6. The medical ventilator of Claim 2, further comprising a regulating means 
connected to the monitoring means and the gas delivery means, the regulating means 
responsive to the response signal of the monitoring means to control the gas delivery 
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means so that the selected pressure support ventilation level of the gas supplied to the 
patient is regulated in response td the monitoring means. * 

7. The medical ventilator of Claim 6, wherein the gas delivery means comprises a 
pneumatic system having at least one electrically coupled actuator, in fluid communication 
with the gas source for regulating the pressure and/or flow rate of the breathing gas so that 
the breathing gas may be delivered to the patient at the selected pressure support 
ventilation level. 

8. The medical ventilator of Claim 7, wherein the regulating means comprises at least 
one driver circuit electrically coupled to the monitoring means and to each actuator, 
wherein the dri ver circuit adjusts the actuator based on electrical signals received from the 
monitoring means, thereby varying the pressure and/or flow rate of the breathing gas so 
that the selected pressure support ventilation level is supplied to the patient. 

9. The medical ventilator of Claim 6, wherein the regulating means, in response to the 
response signal of the monitoring means, adjusts the selected pressure support ventilation 
level of the ventilator. 

10. The medical ventilator of Claim 9, wherein the regulating means, in response to the 
response signal of the monitoring means: 
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a) increments the selected pressure support ventilation level of the medical 
Veritilatorif the patient work of breathing is greater than the predetermined 
work of breathing range; or 

b) decrement the selected pressure support ventilation level of the medical 
ventilator if the patient work of breathing is less than the predetermined 
work of breathing range. 

1 1 . The medical ventilator of Claim 9, wherein the monitoring means detects when the 
patient work of breathing is within the predetermined work of breathing range and 
generates a level signal thereof. 

12. The medical ventilator of Claim 11, further comprising a display means for 
displaying the selected pressure support ventilation level in response to the level signal so 
that the operating clinician is advised of the selected pressure support ventilation level that 
will maintain the patient work of breathing within the predetermined work of breathing 
range. 



13. The medical ventilator of Claim 12, wherein the monitoring means stores an initial 
value of the selected pressure support ventilation level so that the initial value of the 
selected pressure support ventilation level prior to adjustment of the selected pressure 
support ventilation level is stored, and wherein the regulating means, responsive to the 
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level signal generated by the monitoring means, adjusts the selected pressure support 
* ' " ventilation tevel of the ventiFatof so that the seletretf pressure supfJorfventilation leveMs * 
adjusted to the initial value of the selected pressure support ventilation level. 

14. The medical ventilator of Claim 1, wherein the pressure sensing means and the 
flow rate measuring means are disposed in the flow path of the gas within the ventricular 
conduit. 

15. A method of providing pressure support ventilation to a patient supplied with a 
breathing gas from a medical ventilator having a selectable pressure support ventilation 
level, the gas being received into the medical ventilator from a gas source of one or more 
breathing gases, and the gas exiting the medical ventilator being in flow communication 
with a functionally open ventilator flow conduit having a patient breathing attachment in 
fluid communication with the lungs of the patient, wherein the gas is pressure and/or flow 
rate controlled by the medical ventilator, the method comprising the steps of: 

a) delivering the breathing gas from the ventilator to the patient breathing 
attachment at a selected pressure support ventilation level; 

b) sensing the pressure of the breathing gas within the ventilator conduit and 
generating a pressure signal representative of that pressure; 
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c) measuring the flow rate of the breathing gas within the ventilator conduit and 
generating a flow signal representative of that flow rate; 

d) processing the flow signal and the pressure signal to determine the patient 
work of breathing; and 

e ) monitoring the patient work of breathing. 

16. The method of Claim 15, wherein the step of monitoring comprises determining 
when the patient work of breathing is not within a predetermined work of breathing range. 

17. The method of Claim 16, and further comprising the step of generating an alarm 
when it is determined that the patient work of breathing is not within the predetermined 
work of breathing range. 

1 8. The method of Claim 1 6, and further comprising the step of controlling the selected 
pressure support ventilation level of the ventilator when it is determined that the patient 
work of breathing is not within the predetermined work of breathing range. 

19. The method of Claim 18, wherein the step of controlling the pressure support 
ventilation level of the ventilator further comprises the steps of: 
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a) incrementing the selected pressure support ventilation level of the ventilator 
if the patient work of breathing is greater than the predetermined Work of Breathing range; ' 
and 

b) decrementing the selected pressure support ven ti lati on level of the ventilator 
if the patient work of breathing is less than the predetermined work of breathing range. 

20. The method of Claim 18, further comprising the steps of: 

a) prior to the controlling step, storing an initial value of the selected pressure 
support ventilation level; 

b) displaying the selected pressure support ventilation level, as a target pressure 
support ventilation level, to the operator when the patient work of breathing is within the 
predetermined work of breathing range; and 

c) restoring delivery of the breathing gas to the patient to the stored initial value 
of the selected pressure support ventilation level when the patient work of breathing is 
within the predetermined work of breathing range. 

21. The method of Claim 18, further comprising the step of displaying the selected 
pressure support ventilation level to the operator when the patient work of breathing is 
within the predetermined work of breathing range. 
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22. The method of Claim 15, further comprising the step of displaying the determined 
work of breathing 16 the Operator. ' " " * * .... 

23. The method of Claim 15, wherein the step of sensing the pressure of the gas is 
performed in the flow path of the gas within the ventilator conduit; and wherein the step 
of sensing the flow rate of the gas is performed in the flow path of the gas within the 
ventilator conduit. 

24. The method of Claim 15, wherein the step of measuring the flow rate of the gas 
exhaled by the patient comprises continuously measuring the flow rate of the breathing gas 
during an inhalation and exhalation effort by the patient. 

25. The method of Claim 15, wherein the step of sensing the pressure of the gas 
comprises continuously sensing the pressure of the breathing gas during an inhalation and 
exhalation effort by the patient. 

26. The method of Claim 15, wherein the step of processing comprises the steps of: 

a) extracting a measured tidal volume of the breathing gas from the flow signal; 

b) calculating a real-time respiratory muscle pressure according to: 
Pmus(t) = P m) - [(V a0(t) / C RS ) - (V^,) x Rrs)] - Baseline Pressure 
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wherein, 

• * ' PfnUs(t)*= , thefeaUtirhd respiratory tnustle pressaufe; • • • * • 

P ao{l) = the pressure sensed; 
V atK0 = the flow rate sensed; 
V atxt) = the extracted tidal volume; 

Crs = the measured predetermined compliance of the respiratory system; 
R RS = the measured predetermined resistance of the respiratory system; 
Baseline Pressure = the measured predetermined baseline pressure of the ventilator 
system; and 

t = time during the inspiration phase where the pressure and flow rate are sensed 
and/or measured; N 

c) calculating an average respiratory muscle pressure for the inspiratory period 
of a single breath according to: 

Pmus avg (t) = / (Pmus(t))dt; 
o 

wherein: 

Pmus avg (t) = the average respiratory muscle pressure of the patient during inhalation 
of a single breath; 

t = 0 is the beginning of inspiration by the patient 10; and 
Tj = is the end of inspiration of a single breath; 
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d) calculating an average respiratory muscle pressure for the patient over a serial 
number of breaths according to: 



[ fl Pmus avi! (t)l 



Pmus avgN (t) = 1/N12^ Pmus avg (t)l 

breath = ] 



wherein: 

Pmus avgN (t) = * c avera g e respiratory muscle pressure of the patient over a serial 
number of breaths; and 

N = the number of serial breaths; and 



e) determining the patient work of breathing from the calculated average 
respiratory muscle pressure (Pmus avgN (t)). 

27. The method of Claim 26, wherein the selected number of serial breaths is five so 
that the determined average respiratory muscle pressure is a serial five breath average. 

28. The method of Claim 26, wherein the step of determining the patient work of 
breathing is determined according to: 

WOB = -0.075 + 0.1 (Pmus avfiN (t)) + 0.004(Pmus avgN (t)) 2 



wherein Pmus 3VgN (t) = average respiratory muscle pressure; and 
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WOB = the patient work of breathing. 
** • . ** • * » * # . *• •••• »•*»..* e • . **»•••. 

29. A medical ventilator for providing pressure support ventilation of a patient, the 
medical ventilator comprising: 

a gas source of one or more breathing gases in flow communication with the 
medical ventilator; 

a ventilator flow conduit in flow communication with the medical ventilator and 
in fluid communication with the lungs of a patient; 

a pneumatic system having at least one actuator for controlling the pressure/flow 
rate of the breathing gas so that a selected pressure support ventilation level of pressure 
support ventilation is provided to the patient; 

a pressure sensor disposed in the ventilator flow conduit which senses the pressure 
of the breathing gas proximate the pressure sensor and which provides a pressure signal 
representative of that pressure; 

a flow rate sensor disposed in the ventilator flow conduit which senses the flow rate 
of the breathing gas within the ventilator flow conduit and which provides a flow signal 
representative of that flow rate; 
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a microprocessor for controlling the selected pressure support ventilation level of 
the ventilator, the microprocessor being electrically coupled to the output of the pressure 
sensor and flow rate sensor, wherein the microprocessor determines a work of breathing 
of the patient, compares the work of breathing to a predetermined work of breathing range, 
generates a response signal based on the comparison, and communicates the response 
signal to at least one of the actuators of the pneumatic system so that the selected pressure 
support ventilation level of the ventilator is adjusted to bring the work of breathing of the 
patient within the predetermined work of breathing range. 

30. The medical ventilator of Claim 29, wherein the microprocessor generates the 
response signal when the patient work of breathing is not within the predetermined work 
of breathing range. 

3 1 . The medical ventilator of Claim 29, further comprising an audible and/or visible 
alarm that, in response to the response signal, generates an alarm suitable for alerting an 
operator that the patient work of breathing is not within the predetermined work of 
breathing range. 

32. The medical ventilator of Claim 29, wherein the actuator, responsive to the 
response signal: 
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a) increments the selected pressure support ventilation level provided by the 
* ventilator if the patient work of breathing is greatet than the predetermined • 
work of breathing range; or 



b) decrements the selected pressure support ventilation level provided by the 
ventilator if the patient work of breathing is less than the predetermined work 
of breathing range. 

33. The medical ventilator of Claim 29, wherein the microprocessor detects when the 
patient work of breathing is within the predetermined work of breathing range and 
generates a level signal thereof. 



34. The medical ventilator of Claim 33, wherein the microprocessor, in response to the 
level signal, stores the selected pressure support ventilation level as a target pressure 
support ventilation level. 

35. The medical ventilator of Claim 34, wherein the microprocessor, in response to the 
response signal, stores an initial value of the selected pressure support ventilation level so 
that the initial value of the selected pressure support ventilation level prior to adjustment 
is stored, and wherein the actuator, responsive to the level signal, adjusts the selected 
pressure support ventilation level of the ventilator of the gas provided to the patient back 
to the initial value of the selected pressure support ventilation level. 
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36. The medical ventilator Claim 29, wherein the microprocessor: 

a) extracts and stores a measured tidal volume of the breathing gas from the 
flow signal; 

b) determines and stores a real-time respiratory muscle pressure (Pmus(t)) of the 
patient from the stored measured tidal volume, the stored inspiratory flow rate 
sensed, and the stored pressure sensed; 

c) calculates an average respiratory muscle pressure for the inspiratory period 
of a single breath (Pmus avg (t)) from the stored real-time respiratory muscle pressure 
(Pmus(t)); 

d) calculates an average respiratory muscle pressure of the patient (Pmus avgN (t)) 
from the stored Pmus avg (t) over a serial number of breaths; and 

e) determines the patient work of breathing (WOB) from the calculated average 
respiratory muscle pressure (Pmus avgN (t)). 



37. The medical ventilator of Claim 29, further comprising a first digitizer which 
receives the flow signal from the flow sensor and converts the flow signal into a digitized 
flow signal which is received by the microprocessor and a second digitizer which receives 
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the pressure signal and converts the pressure signal into a digitized pressure signal which 

is received by the rtiicroprbcessor.* ' • • " * * * ... . . • . • • • . . . . ? . - 

~$ 

38. The medical ventilator of Claim 37, wherein the flow sensor continuously senses 
the flow rate of the breathing gas and the first digitizer continuously converts the flow 

signal into the digitized flow signal, and wherein the pressure sensor senses the pressure J 
of the breathing gas continuously and the second digitizer continuously converts the $ 
pressure signal into the digitized pressure signal. 

39. The ventilator of Claim 36, wherein the microprocessor further comprises a 
memory means for storing at least one of : the signal data, the determined tidal volume, 
Pmus(t), Pmus avg (t), Pmus avgN (t), the work of breathing of the patient, the selected pressure 
support ventilation level, the target pressure support ventilation level, and the initial value 
of the selected pressure support ventilation level. 

40. The ventilator of Claim 36, further comprising a monitor for displaying at least one 

of: the signal data, the determined tidal volume, Pmus(t), Pmus avg (t), Pmus avgN (t), the work ■ 
of breathing of the patient, the selected pressure support ventilation level, the target 
pressure support ventilation level, and the initial value of the selected pressure support 
ventilation level for concurrent review by an operator of the system. 
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